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Abstract 
In this study, we describe an electrochemical method for detecting Cd(II) ions, utilizing a glassy carbon electrode (GCE) 
modified with polythiophene (PTH)/multi-walled carbon nanotubes with grapheme (MECNTs-G), chitosan (CS), and CuO. 
The PTH/MWCNTs-G/CS/CuO was prepared via an in situ oxidative polymerization route. XRD and FT-TR analysis 
confirmed that the nanocomposites were successfully prepared. TEM, SEM, EDX, TGA, and DTG were utilized to study 
the morphological and thermal properties of the newly synthesized materials. The electrochemical detection of Cd(II) was 
achieved by CV and SWV. The cadmium ions exhibited a linear relationship at concentrations of 30–0.01 µM with the 
PTH/MWCNTs-G/CS/CuO/GCE. The limit of detection and limit of quantification were found to be 0.014 and 0.049 µM, 
respectively. The stability, selectivity, and reproducibility of the modified electrode were also studied. Good recovery was 
achieved for the practical application of PTH/MWCNTs-G/CS/CuO/GCE in a tap-water sample.
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1  Introduction

Due to the development of industry, the contamination 
of groundwater by heavy metals is an important issue 
in several regions around the world. These pollutants 
can accumulate in certain locations and are detrimental 
to both the environment and human health. The World 
Health Organization (WHO) set the acceptable threshold 
limit of cadmium at 3 ppb (0.024 µM) in drinking water 
[1]. Therefore, it is necessary to have a method to rapidly 
detect this contaminant with sufficient sensitivity. Diverse 
techniques with high performance, such as inductively 
coupled plasma mass spectrometry (ICP-MS) [2, 3] and 
high performance liquid chromatography (HPLC) [4, 5], 
have been developed to detect Cd(II). However, these 
techniques have some drawbacks including the need for 
expensive apparatus and that procedures are time-consum-
ing. Conversely, voltammetric techniques, such as cyclic 
voltammetry (CV), differential pulse voltammetry (DPV), 
and square wave voltammetry (SWV) have been utilized 
for Cd(II) detection and have the benefits of requiring cost-
effective apparatus, only simple handling, on-site detec-
tion, and superior sensitivity [6]. Conventionally, bulk 
electrodes still have some issues in voltammetric measure-
ment such as high oxidation potential and possible inter-
ference from any ions present in samples such as Fe(II), 
Fe(III), Cu(II), Zn(II), Na + and Pb(II). However, modi-
fications of the electrode can overcome these issues and 
modified electrodes exhibit superior sensitivity and high 
performance. Studies have reported on Cd(II) ions detec-
tion in an aqueous solution; for example, Zheng et al. [7] 
prepared mesoporous ɤ-alumina (M-ɤ-Al2O3) and modified 
it into a carbon paste using DPV. The designed electrode 
displayed a dynamic range of 0.01–10 µM with limits of 
detection (LOD) of 2 nM. Göde et al. [8] used calixarene 
and reduce graphene oxide CA/RGO/GCE. The modified 
electrode displayed an LOD of 2 × 10–11 M using SWV. 
It was reported by Wu et al. [9] that the modified GCE 
with Fe3O4 and functionalized MWCNT achieved more 
efficient Cd(II) detection. The nanocomposite (NCs) was 
prepared using the hydrothermal procedure and showed a 
high response with LOD of 0.014 µM. Sengupta et al. [1] 
designed an electrode for Cd(II) detection by incorporating 
an iron-aluminate mixed metal oxide and chitosan on GCE 
via a solid-phase procedure. CS-MMON/GCE was utilized 
to determine the Cd(II) by DPV with an LOD of 0.068 ppt. 
More recently, Moutcine et al. [10] used ZnO nanoparti-
cles as modified materials via the SWV technique in drink-
ing water with an LOD of 4.2 nM. In the case of using the 
conducting polymers (CP) in modification potential, Dai 
et al. [11] reported that polypyrrole/graphene oxide PPy/
GO was fabricated by an in situ oxidative polymerization. 

The fabricated electrode showed high conductivity with 
a wide dynamic range (5–150 µg L−1). Non-destroyable 
surface functionalization of MWCNTs can be achieved 
with chitosan without having an effect on the electronic 
and mechanical properties of the nanomaterials [12]. Chi-
tosan is a random copolymer that possesses unique proper-
ties including great potential for modifications to improve 
desired properties of non-toxicity, and biodegradability 
[13, 14]. In addition, CuO is an interesting material due 
to its low cost and catalysis [15]. The combination of 
CuO, MWCNTs, G, and CS in a CP, such as the polythio-
phene (PTH) matrix, is an attractive way to create modi-
fied working electrodes. MWCNTs-G/CS/CuO supports 
the diffusion of ions to the electrode surface by increas-
ing the active sites where the PTH assist to accelerate the 
electrode kinetic. However, there are limited reports on 
using the PTH/MWCNTs-G/CS/CuO/GCE as a voltam-
metric sensor for the detection of Cd(II) ions. Therefore, 
the main aim of this work was to synthesize a series of 
nanocomposites based on PTH, PTH/MWCNTs-G, PTH/
MWCNTs-G/CS, and PTH/MWCNTs-G/CS/CuO. This 
is a continuation of our previous research, which aimed 
to fabricate sensors for pollutants detection [16–22]. The 
nanocomposites were synthesized via an in situ oxida-
tive polymerization route and characterized using differ-
ent techniques including FT-IR, XRD, SEM, EDX, TEM, 
TGA, and DTG. The fabricated materials were applied 
to modify GCE for the detection of Cd(II) using CV and 
SWV and the stability, reproducibility, selectivity, and 
recovery were also studied.

2 � Experimental Design

2.1 � Chemicals and Reagents

Thiophene was used as purchased from PDH (England). 
MWCNTs (short) (diameter = 5–15 nm, L = 0.5–2 μm), 
G (d iameter  =  5–10um,  th ickness  =  3–10  nm, 
pur ity  >  99.5%), and CuO nano-chains (diame-
ter = 35–42  nm, L = 1.0–1.6 μm, purity = 99%) were 
obtained from XFNANO Inc. (China). Chitosan (medium 
MW) was obtained from Sisco Research Laboratories Pvt. 
Ltd (India). Chloroform (99.8%), ferric chloride anhydrous 
(98%) (FeCl3), and methanol (99.8%) were sourced from 
Acros Organic. Acetone (99.5%) was purchased from Pan-
reac Quimica. Diamond paper and aluminum oxide (AO) 
paper were obtained from Bio-Logic Science Instruments, 
France. CdCl2.2H2O were procured from Techno Pharma 
Chem. All solutions were prepared using double distilled 
water (DDW).
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2.2 � Instrumentation

AJEOL JSM-7610F scanning electron microscopy (FE-
SEM) and energy dispersive X-ray analysis (EDX) were used 
to study the surface condition. The combination between the 
nanomaterials was confirmed using a JEOL JEM 1400 and 
transmission electron microscopy (TEM). A Rigaku D/max 
2550 VB/PC was used for X-ray diffraction (XRD) analysis 
and Spotlight 400 FT-IR was used for fourier transform-
infrared spectra (FT-IR) analysis. Thermogravimetric analy-
sis was carried out using a NETZSCH (Germany) with a 
standard heating procedure from 20 to 100 °C and held at 
100 °C for 20 min in N2, after which the gas changed to air 
and temperature was increased to 900 °C.

Electrochemical measurements were obtained using a 
SP-200 potentiostat/galvanostat instrument from Biologic 
equipped with EC-Lab software for data analysis. The work-
ing electrode (W.E) was made of GCE and platinum rod 
was used as the counter electrode (A.E), while the refer-
ence electrode (R.E) was Ag/AgCl (3 M KCl). Voltammet-
ric studies were carried out in solution containing 2 mM 
[Fe(CN)6]3−/4− in 0.1 M KCl redox. The applied potentials 
for CVs were from – 0.2 to 0.8 V at a scan rate (ν) of 0.05 
Vs−1 against RE. For Electrochemical Impedance Spectro-
metric (EIS), the potential was set at 0.235 V against RE, 
with frequency ranging from 1 Hz to 100 kHz. Electrochem-
ical detection of Cd(II) was achieved by SWV from – 0.9 
to – 0.6 V, with a pulse height (PH) of 0.05 V and width (PW) 
of 0.05 × 10–3 s, and as step height (SH) of 0.02 V.

2.3 � Preparation of MWCNTs‑G NCs

MWCNTs-G NCs were prepared by blending MWCNTs 
and graphene at a 1:1 ratio [23]. We mixed 100 mg of 
G with 5 mL of DDW and used sonication for 2 h in an 
ultrasonic bath. The MWCNTs (100 mg) were dispersed 
in 5 mL DDW and underwent sonication for 2 h. G and 
MWCNTs were blended by sonication for 2 h. The black 
powder product was filtered and washed with DDW and 
dried at 70 °C.

2.4 � Preparation of PTH and PTH/MWCNTs‑G

The NCs were synthesized by an in situ chemical oxida-
tive polymerization as depicted in [24, 25] with minor 
changes. A solution of 11.88 mmol (95% weight) of thio-
phene and 50 mL of chloroform was sonicated for 30 min 
to create a homogeneous suspension. Thereafter, 0.05 g 
of MWCNTs was included in the above mixture, which 
was then sonicated for 45 min. Then, a solution contain-
ing 8.2 g (50 mmol) of FeCl3 in 100 mL chloroform was 
added to thiophene/MWCNTs-G and mixed by continu-
ous stirring for 24 h. The NCs were filtered and washed 
with methanol, DDW and acetone until the filtrate was 
colorless. During this procedure, it was noticed that the 
color of NCs changed from black to brown. Finally, the 
product was dried at 70 °C. The pure polymer was also 

Fig. 1   Schematic of the forma-
tion of PTH/MWCNTs-G/CS/
CuO
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synthesized without including MWCNTs-G by utilizing 
the same procedure.

2.5 � Preparation of PTH/MWCNTs‑G/CS/CuO

The NCs were prepared as depicted in [23, 26] with minor 
changes (Fig. 1). A solution containing 11.25 mmol (90% 
weight) of thiophene and 50 mL of chloroform was soni-
cated for 30 min. Thereafter, 0.05 g of MWCNTs-G was 
added to the mixture and sonicated for 45 min. Following 
this, 0.05 g CuO nanochain was added to PTH/MWCNTs-G, 
which was then sonicated for 30 min. A solution contain-
ing 0.5 g chitosan in 4% CH3COOH was then added into 
PTH/MWCNTs-G/CuO by constant stirring for 1 h. Then 
an FeCl3 suspension was added to the mixture with constant 
stirring for 24 h. The resulting NCs were then filtered and 
washed using methanol, followed by DDW and acetone. The 
synthesized polymer solution was then cast onto petri dishes, 
and the solvent was allowed to evaporate for 24 h to obtain a 
film polymer. The same procedure was used to prepare PTH/
MWCNTs-G/CS but without adding CuO.

2.6 � Modification of the Electrode

The GCE was carefully cleaned with diamond and aluminum 
paper and was then rinsed with DDW. The GCE was then 
sonicated in DDW followed by ethanol for 2 min. A thin 
layer was prepared by drop casting the synthesized polymer 
on the surface of GCE; then, the modified electrode was 
allowed to dry at room temperature.

3 � Results and Discussion

3.1 � Characterization of Nanocomposites

The XRD patterns obtained for PTH, MWCNTs-G, PTH/
MWCNTs-G, PTH/MWCNTs-G/CS, and PTH/MWCNTs-
G/CS/CuO are shown in Fig. 2. With regard to the PTH 
(Fig. 2a), the broad peak at 2θ (14°–30°) elucidates its amor-
phous structure. The peak around 2θ (22°) is associated with 
the π–π stacking nature of PTH [15, 27–29]. The pattern of 
MWCNTs-G (Fig. 2b) exhibited a well-defined peak around 
2θ (26.6°) that was related to the (0 0 2) diffraction plane of 
MWCNTs [30]. A low-intensity peak at 2θ (23°) was due to 
amorphous carbon and a low-intensity broad peak around 
2θ (43°) could be attributed to the hexagonal graphite nature 
[21]. As can be seen in Fig. 2c, there was no noticeable dif-
ference in either peak position or shape of MWCNTs-G, 
and only a minor reduction in the peak intensity of NCs, 
indicating the formation of MWCNTs-G with a polythio-
phene matrix. The XRD pattern of PTH/MWCNTs-G/CS 
(Fig. 2d) shows characteristic peaks of PTH and MWCNTs, 

while the peaks at 2θ (20.2°) and 2θ (12.0°) corresponding 
to (2 7 3) and (2 4 0) respectively, are related to chitosan 
[31]. In the case of PTH/MWCNTs-G/CS/CuO (Fig. 2e), all 
characteristic peaks of PTH, MWCNTs-G, and CS appear in 
the XRD pattern. Besides, small peaks observed at 2θ (35°, 
38.8°, 53°, and 58.5°) corresponded with ( 111 ), (1 1 1), 
( 020 ), and (2 0 2), and were well indexed with JCPDS No. 
45–0937 (Figure S1). These results suggest the presence of 
a crystalline CuO nanochain in PTH/MWCNTs-G/CS/CuO.

FT-IR spectra were studied to investigate the chemi-
cal structures and functional groups of the NCs. Figure 3 
shows the FT-IR spectra for pure PTH, MWCNTs-G, PTH/
MWCNTs-G, PTH/MWCNTs-G/CS, and PTH/MWCNTs-
G/CS/CuO. For pure PTH, a well-defined peak appears in 
the fingerprint region at 788 cm−1 and was related to C-H out 
of plane vibration in the 2,5- substitution (α–α− coupling) 
polymer ring formed during polymerization, while the band 
at 620 cm−1 corresponds to C-S bending, indicating the pres-
ence of thiophene [32, 33]. The band located at 1042 cm−1 
indicates C-H in plane deformation. Furthermore, the peak 
appearance at 1340 cm−1 is due to the C=C stretch of the 
quinoid ring. The appearance of a band at 1440 cm−1and 

Fig. 2   XRD patterns of (a) PTH, (b) MWCNTs-G, (c) PTH/MWC-
NTs-G, (d) PTH/MWCNTs-G/CS, and (e) PTHMWCNTs-G/CS/CuO
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1730 cm−1 corresponds to C=C symmetric and aromatic 
C=C (benzenoid) stretching vibrations, respectively [15, 
30, 34]. The broadband located at 3070–3700 cm−1 may 
be attributed to a C–H symmetric aromatic stretching band 
[35].

In the FT-IR spectrum for the MWCNTs-G (Fig. 3b), the 
band at 886 cm−1 corresponds to aromatic C–H bending and 
the band located at 1080 cm−1 indicates C–O bending. The 
existence of these functional groups in the MWCNTs shows 
that they were introduced during manufacturing [36]. The 
band at 1530 cm–1 is related to plane vibration C–C of gra-
phitic walls of MWCNTs, while the band at 1613 cm–1 can 
be attributed to the C=C stretching mode of MWCNTs. The 
broad peak located around 3200 cm−1 suggests the pres-
ence of O–H stretching of the moisture content [30, 37]. 
All the peaks attributed to MWCNTs-G and PTH appear in 
Fig. 3c, suggesting the formation of PTH/MWCNTs-G NCs. 
However, compared to a pure polymer, the peak related to 
benzenoid (1730 cm−1) disappeared, while the peak related 
to the quinoid structure (1340 cm−1) became strong. The 
increasing quinoid assisted in reducing the forbidden gap 
and resulted in higher electrical conductivity of the hybrid 
materials [32]. In the case of PTH/MWCNTs-G/CS, Fig. 3d 
shows the characteristic peaks of chitosan. A small peak 

around 1530 cm−1 is related to the N–H bending of second-
ary amide, and the peak at 1640 cm−1 is the amide stretch 
C=O after PTH conjugation [38]. The characteristic bands 
that appear at 1100 cm−1 and 1160 cm−1 show the presence 
of a C–O–C bridge. The peak at 2920 cm−1 is related to 
a C-H stretching vibration, while the band located around 
3362–3282 cm−1 is related to the stretching vibration modes 
of NH and OH [26, 34]. The characteristic peaks of PTH/
MWCNTs-G may overlap or become covered during decora-
tion processing. In the case of PTH/MWCNTs-G/CS/CuO 
(Fig. 3e), the FT-IR spectra were very similar to the previous 
spectra and the CuO signal was not observed, suggesting that 
CuO may have been formed inside the MWCNTs. These 
results are in agreement with TEM and SEM, results for 
which will be discussed later.

Typical TEM images of the pure polymer and modified 
polymers are shown in Fig. 4. From the TEM image, Fig. 4a 
shows the single-layer film-like structure of PTH. Figure 4b 
shows that MWCNTs were impeded with a homogeneous 
distribution within the graphene sheet. The TEM image 
of PTH/MWCNTs-G (Fig. 4c) shows an irregular rod-like 
morphology, and the MWCNTs-G are covered by the PTH. 
The preparation method helps the PTH to uniformly coat 
the surface of the nanocomposite [39]. These results were 
confirmed from the increased thickness of MWCNT-G by 
SEM analysis. In Fig. 4d it is clear that MWCNTs-G/CS/
CuO was coated by the bulky micron-sized PTH, and the 
CuO nanochain with a mean diameter around 35 nm was 
deposited on the wall of MWCNTs.

The SEM image of pure PTH (Fig. 5a) shows an amor-
phous structure of macromolecular flakes and a crushed 
paper-like structure that are closely interconnected, which 
reflected the oxidant (FeCl3) involved during the in situ 
oxidative polymerization process [40]. Figure 5b displays 
MWCNTs effectively mixed and embedded in the thin gra-
phene sheet. However, the surface of PTH/MWCNTs-G 
nanocomposites exhibits a plate-like morphology (Fig. 5c). 
The reason for this appearance may be the incorporation 
of MWCNTs-G inside the PTH matrix by π-π conjugated 
interactions between the polymer and MWCNTs-G dur-
ing the polymerization process [41]. The CuO nanochain, 
which consisted of CuO nanoparticles with a diameter of 
35–42 nm, displayed a fibrous structure (Fig. 5d). Addi-
tionally, the SEM image of the PTH/MWCNTs-G/CS/CuO 
(Fig. 5e) composite revealed that the MWCNTs-G and CuO 
were uniformly covered with a layer of PTH film. It can be 
confirmed from EDX analysis (Fig. 5f) that the NCs were 
composed of C, N, O, S, and Cu. These results confirm that 
the PTH/MWCNTs-G/CS/CuO were successfully prepared.

TGA and DTG were used to examine the thermal stabil-
ity and weight loss of the polymers, and the data are shown 
in Fig. 6. The decomposition of PTH is very similar to 
that reported for polythiophene [42–45]. The typical TGA 

Fig. 3   FT-IR spectra of (a) PTH, (b) MWCNTs-G, (c) PTH/MWC-
NTs-G, (d) PTH/MWCNTs-G/CS, and (e) PTHMWCNTs-G/CS/CuO
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curve showed a two-step weight loss, the first due to sol-
vent evaporation, the second occurring between 325 and 
480 °C and due to the thermal degradation of PTH. Similar 
behavior was observed for PTH/MWCNTs-G, suggesting 
that this nanocomposite shows a similar degradation pro-
cess. As can be seen in Table 1, the maximum polymer 
decomposition temperature (PDTmax) and final polymer 
decomposition temperature (CDT final) obtained from the 
DTG and TGA curves [19, 46] exhibited higher tempera-
tures for PTH/MWCNTs-G compared to the pure polymer. 
These results demonstrate the MWCNTs-G effect, which 
increases the thermal stability of NCs [47]. In the case of 
the composite film PTH/MWCNTs-G/CS, the first deg-
radation step started between 30 and 120 °C with 25% 
weight loss, due to the loss of H2O. The second degrada-
tion between 185 and 243 °C included a 50% weight loss, 
indicating that thermal degradation of chitosan took place 
[38, 48, 49]. A 90% weight loss occurred between 378 

and 418 °C due to the thermal degradation of the polymer 
chain. The same behavior was observed for the second pol-
ymer PTH/ MWCNTs-G/CS/CuO, but only the final deg-
radation step appeared at a higher temperature (446 °C) 
compared to the polymer without CuO. These results indi-
cate that the thermal stability of the polymer was improved 
by incorporating CuO into the polymer film. Table 1 shows 
the results of T10, T25, and T50, which represent thermal 
degradation at 10%, 25%, and 50% respectively. These val-
ues for the PTH/MWCNTs-G were 347, 416, and 443 °C, 
respectively, demonstrating that the PTH/MWCNTs-G had 
the highest thermal stability. On the other hand, polymer 
grafting with chitosan exhibited an earlier and greater 
weight loss. This difference in behavior can be attributed 
to the high tendency of chitosan to adsorption of water, 
which could weaken hydrogen bonding [38, 49, 50]. These 
results confirm that the incorporation of polythiophene 
with MWCNTs-G led to an enhancement of the thermal 
stability of PTH/MWCNTs-G.

Fig. 4   TEM images of a PTH, b MWCNTs-G, c PTH/MWCNTs-G, and d PTH/MWCNTs-G/CS/CuO
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3.2 � Electrochemical Behavior of Different Modified 
Electrodes

The CVs of different modified electrodes were carried out 
in 2 mM [Fe(CN)6]3−/4− and 0.1 M of KCl and the applied 
potentials were from – 0.2 to 0.8 V at a scan rate (ν) of 
0.05 Vs−1 against RE (Fig. 7). It is apparent that PTH/
MWCNTs-G/CS/CuO/GCE exhibited a higher current 

compared to other electrodes. This may be due to the high 
electrical conductivity of the polymer and the high surface 
area of the nanomaterial, which provides a large number of 
adsorption sites, enhancing analyte diffusion at its surface.

The effective surface areas were calculated by CV in the 
solution containing 2 mM[Fe(CN)6]3−/4− and 0.1 M KCl 
using the Randles–Sevcik equation (Eq. 1) [51]:

Fig. 5   SEM images of a PTH, b MWCNTs-G, c PTH/MWCNTs-G, d CuO, e PTH/MWCNTs-G/CS/CuO, and f the EDX of PTH/MWCNTs-G/
CS/CuO
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where C is the concentration of [Fe(CN)6]3−/4−, ip is the cur-
rent, ν is the scan rate, and A is the electrochemical surface 
area (cm2) (n = 1, D = 7.6 × 10–5 cm2 s−1). Consequently, 
the electrode area for bare GCE and PTH/MWCNTs-G/
CS/CuO/GCE was 0.034cm2 and 0.0542 cm2, respectively. 

(1)ip = 2.69 × 10
5 An3∕2D1∕2C�

1

2

Hence, it is clear that PTH/MWCNTs-G/CS/CuO/GCE had 
the highest surface area (Figure S2).

To examine the electrolyte/electrode interfacial resist-
ance, EIS measurements were carried out on bare GCE, 
PTH/GCE, PTH/MWCNTs-G/GCE, PTH/MWCNTs-G/
CS/GCE, and PTH/ MWCNTs-G/CS/CuO/GCE (Fig. 8). 
The potential was set at 0.235 V against RE, with frequency 
ranging from 1 Hz to 100 kHz. A semi-circular portion at 
higher frequencies represents the charge transfer process, 
while the linear portion at lower frequencies is related to 
the diffusion process [52, 53]. Both bare and other modi-
fied electrodes exhibited the semi-circular portion followed 
by a diffusion tail, which is characteristic of the diffusion 
process and the best fit was with circuit description code Rs 
(CPE(RctW)) (Fig. 8 inset), where Rs is solution resistance, 
CPE is constant phase element, Rct is the charge transfer 
resistance, and W is the Warburg impedance. Rct values of 
5900, 5700, 1409, 920, and 303 Ω cm2 were recorded for 
GCE, PTH/GCE, PTH/MWCNTs-G/GCE, PTH/MWCNTs-
G/CS/GCE, and PTH/ MWCNTs-G/CS/CuO/GCE, respec-
tively. Furthermore, the plot of PTH/MWCNTs-G/Cs/CuO/
GCE exhibited the smallest diameter semicircles, which 
suggests that conductivity was increased and the redox of 
[Fe(CN)6]3−/4− was improved. Thus, we found that a combi-
nation of MWCNTs-G/CuO with polythiophene and decora-
tion with chitosan led to high conductivity of fast electron 
between the nanocomposite (MWCNTs-G/CS/CuO) and 
underlying GCE surface.

3.3 � Evaluation of the Electrocatalytic Activities 
of the Modified Electrode

The electrocatalytic activities of the oxidation of Cd(II) in 
aqueous solution were detected via CV based on the surface 
and conductivity. The voltammetric waves of bare GCE and 
PTH/MWCNTs-G/CS/CuO/GCE were measured in 70 µM 
and 0.1 M acetate buffer solution (AcB) at pH 4.5 (Fig. 9). 
No peak can be observed in Fig. 9b due to the absence of sup-
porting redox probes. However, upon the addition of 70 µM 
of Cd(II) solution, anodic oxidation peaks of both electrodes 
can be observed (Fig. 9a, c). When compared with the current 

Fig. 6   The TGA (a) and DTG (b) of modified polymers

Table 1   Thermal behavior of different modified polymers

Sample Temperature (°C) PDTmax (°C) CDTfinal (°C)

T10 T25 T50

PTH 364 406 418 430 480
PTH/ MWCNTs-G 347 416 443 450 500
PTH/ MWCNTs-G/CS 60 190 243 380 430
PTH/ MWCNTs-G/CS/CuO 36 189 254 400 446
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signal from the bare electrode, a well-defined sharp anodic 
peak was observed for PTH/MWCNTs-G/CS/CuO/GCE.

In the accumulation step, during the electrocatalysis pro-
cess, the target Cd2+ was adsorbed on the PTH/MWCNTs-G/
CS/CuO/GCE according to Eq. 2:

while at the sweep potential from − 1.0 to 0.2 V, the oxida-
tion process for the adsorbed Cd0   took place according to 
Eq. 3.

(2)Cd2+ + 2e− → Cd0

(3)Cd0 → Cd2+ + 2e−

Thus, suggesting the effect of MWCNTs-G/CS/CuO, which 
provides several interactions between Cd(II) and electrode 
surface in the accumulation step such as hydrogen, electro-
static, and π–π bonds, functional group (amine/hydroxyl) 
in chitosan, which give high accumulation efficiency for the 
adsorption of Cd(II) [1, 50, 54].

Figure 10 shows the SWV of bare GCE and PTH/ MWC-
NTs-G/CS/CuO/GCE in a solution containing 10 µM Cd(II) 
in 0.1 M AcB at pH 4.5. The bare electrode (Fig. 10c) and 
PTH/MWCNTs-G/CS/CuO/GCE (Fig.  10d) show that 
the SWV signal in AcB in the absence of Cd(II) resulted 

Fig. 7   CVs of GCE and different loading GCE electrodes measured 
in 2 mM [Fe(CN)6]3−/4− and 0.1 M KCl

Fig. 8   Cole–Cole plots of bare electrode and different loading GCE 
measured in 2 mM [Fe(CN)6]3−/4− and 0.1 M KCl

Fig. 9   CVs of (a) unmodified GCE c PTH/ MWCNTs-G/CS/CuO/
GCE upon addition 70 µM Cd(II) (0.1 M AcB, pH 4.5) at 0.05 V s-1. 
(b) PTH/ MWCNTs-G/CS/CuO/GCE in the absence of Cd(II)

Fig. 10   SWV of (a) PTH/MWCNTs-G/CS/CuO/GCE; (b) unmodified 
GCE upon addition of 10 µM Cd(II) (0.1 M AcB, pH 4.5); (c) PTH/
MWCNTs-G/CS/CuO/GCE; and d unmodified GCE in the absence of 
Cd(II)



722	 Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:713–727

1 3

in no oxidation peak. The SWV of 10 µM of Cd(II) at the 
bare electrode exhibited an oxidation peak at potential of 
–0.735 V (Fig. 10a). Figure 10b shows the SWV of PTH/
MWCNTs-G/CS/CuO/GCE, in which the oxidation signals 
appear at higher currents with a slight negative shift poten-
tial (–0.751 V) compared with the bare electrode. The above 
observations can be explained by the following points: First, 
using chitosan helps to form a film polymer with high elec-
trochemical stability [1]; and second, in the accumulation 
step, Cd(II) adsorption occurs on the amine/hydroxy group 
in chitosan [1]. The nanocomposite can reduce surface foul-
ing and enhance the charge transfer reaction [55, 56], and its 
surface has reactive groups that enhance the electrocatalytic 
activity of the newly synthesized materials [57, 58]. CuO is 
a p-type semiconductor with the capability to enhance the 
charge transfer reaction in electrochemical sensors applica-
tion [59–61]. These findings suggest that the modification of 
the electrode with MWCNT-G, CuO, CS, and PTH enhanced 
the sensitivity and reduced the overpotential.

3.4 � Optimization of Experimental Conditions 
for Determination of Cd(II)

3.4.1 � Supporting Electrolyte Type and pH

We used SWV to study the effects of supporting electro-
lyte type and pH on the sensor’s response to a solution 
of 10 µM Cd(II) with different buffer solutions includ-
ing acetate buffer (AcB), Britton–Robinson buffer (BRB), 
and phosphate buffer solution (PBS) (each 0.01 M and 
pH 4.5), and the analysis results are shown in Fig. 11. It 

can be noted that response of Cd(II) had a very high cur-
rent in 0.01 M AcB. Figure 12 depicts the SWV of 10 µM 
Cd(II) in 0.1 M AcB with pH varying from 4.0 to 7.0. The 
peak current initially increased from 4.0 to 5.0 and then 
decreased as the pH increased from 5.0 to 7.0 (Fig. 12 
inset). This may have been caused by the hydrolysis of 
cadmium ions in neutral media [11]. Thus, the 0.1 M AcB 
at pH 5.0 was chosen as the optimum condition and was 
utilized in further experiments.

Fig. 11   The effect of (a) acetate buffer (AcB), (b) phosphate buffer 
solution (PBS), and (c) Britton-Robinson buffer (BRB) solution on 
the SWV of the PTH/ MWCNTs-G/CS/CuO/GCE in a solution con-
taining 10 µM Cd(II)

Fig. 12   The effect of pH on the SWV of the PTH/MWCNTs-G/CS/
CuO/GCE in a solution containing 10  µM Cd(II). Inset: Plot of the 
current vs. pH

Fig. 13   Effect of accumulation time on the SWV of PTH/MWCNTs-
G/CS/CuO/GCE in a solution containing 10 µM Cd(II) in 0.1 M AcB 
at pH 5.0 from –0.9 to –0.6 V
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3.4.2 � Effect of Accumulation Time

Accumulation time is an important parameter that can influ-
ence the sensitivity of detection of Cd(II). Figure 13 shows 
the peak current of Cd(II) with accumulation time ranging 
from 1 to 15 min. The peak current increased with accumu-
lation time until reaching 15 min. This result may have been 
because the adsorption of cadmium on the surface of PTH/
MWCNTs-G/CS/CuO/GCE attained a saturation level [7]. 
Hence, 15 min was selected as the optimum accumulation 
time in this work.

3.4.3 � Effect of Scan Rate

To understand the electrochemical mechanism for the 
oxidation of Cd(II) at the surface of the modified elec-
trode, cyclic voltammograms of 70 µM Cd(II) on PTH/
MWCNTs-G/CS/CuO/GCE at different scan rates were 
recorded in 0.1 M AcB at pH 5.0 (Fig. 14). As shown in 
Fig. 14a, the peak potential shifted positively and the oxi-
dation current increased as the scan rate increased from 1 
to 150 mV s−1, indicating that Cd(II) oxidation is an irre-
versible process [62]. The oxidation peak currents were 
linear with the square roots of the scan rate over the range 

of 1 mV s−1 to 150 mV s−1 (Fig. 14b), indicating that dif-
fusion plays an essential role in the oxidation process [63, 
64]. The plot of log oxidation currents vs. log scan rate, 
i.e., (�A) = −0.43 + 0.424log�

(

mVs−1
)

 , shown in Fig. 14c 
revealed a slope of 0.424 mV, providing further evidence 
that the reaction is a diffusion-controlled process.

3.5 � The Electrochemical Sensing of Analyte at PTH/
MWCNTs‑G/CS/CuO/GCE

To investigate the catalytic activities of the modified elec-
trode, the SWV of PTH/MWCNTs-G/CS/CuO/GCE over 
a series of concentrations of Cd(II) was studied under 
optimized conditions (Fig.  15a). The response current 
increased along with the Cd(II) concentration over a lin-
ear range between 0.01 and 30 µM. The regression equa-
tion is i/µM = 2.59 C/µM + 1.191 (R2 = 0.991) (Fig. 15b). 
The LOD and LOQ were calculated as LOD = 3SD/s, and 
LOQ = 10SD/s, respectively [65], where SD is the stand-
ard deviation from 10 blank samples and s is the slope of 
the calibration plot (sensitivity). Due to the excellent cata-
lytic activity of the nanocomposites, this procedure showed 
a high sensitivity of 2.59 µA µM−1, with a detection limit 
of 0.014 µM and LOQ of 0.046 µM. A comparison of the 

Fig. 14   a Effect of the scan rate on the CV of the PTH/ MWCNTs-G/CS/CuO/GCE in solution containing 70 µM Cd(II). b calibration plot of 
peak current vs. square root of scan rates, c plot of log peak current vs. log scan rates
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electrodes’ performance in terms of the detection of Cd(II) 
is shown in Table 2.

3.6 � Reproducibility and Stability

A reproducible response in Cd(II) detection is an important 
property for electrochemical sensors. Thus, the operational 
reproducibility of the fabricated electrode was studied by 
measuring the SWV of 10 µM Cd(II) in 0.1 M AcB (pH 
5.0) at a scan rate of 0.05 Vs−1 five times a day for 3 days 
(total of 15 measurements). The current response did not 
exhibit a remarkable decrease over this time and the rela-
tive standard deviation (RSD) value of reproducibility was 
found to be 8.05% (Figure S3). To analyze the stability of 
the Cd(II) response at PTH/MWCNTs-G/CS/CuO/GCE, 
the Cd(II) 10 μM concentration was investigated with the 
modified electrode under optimal conditions six times a day. 
The RSD of the peak was 5.2% (Figure S4), showing that 
there was satisfactory stability of the current peak for PTH/ 
MWCNTs-G/CS/CuO/GCE.

3.7 � Interference Study

To estimate the interference, the SWV response of the PTH/ 
MWCNTs-G/CS/CuO/GCE toward Cd(II) and other inter-
fering species, such as Na+, Fe(III), and Cu(II), was studied. 
The responses of 10 µM Cd(II) and different concentrations 
of Na+ (5, 10, 15, 20, and 30 µM) are shown in Figure S5. 
The tolerance limit was considered as the threshold limit 
concentration of the coexisting ions, which can cause a devi-
ation in the original current response of more than 10% RSD 
[70]. According to the change in current response, coexisting 
ions exhibited little change in the original current response, 
while where at 30 times higher concentration of Na+ the 
RSD was 8.643%. The same procedure was carried out under 
different concentrations of Fe(III), with an RSD of 8.682% 
at 30 times the baseline Fe(III) concentration. These results 
indicate that the PTH/ MWCNTs-G/CS/CuO/GCE had good 
selectivity for Cd(II). As predicted, the presence of Cu(II) 
during Cd(II) detection leads to a reduced current signal, 

Fig. 15   a SWV response of the PTH/MWCNTs-G/CS/CuO/GCE for 
the analysis of Cd(II) over a concentration range of 0.01–30  µM in 
0.1 M AcB at pH 5.0 from –0.9 to –0.6 V, and b corresponding linear 
calibration plot

Table 2   Comparison of the 
modified electrode for the 
detection of Cd(II)

SNAC spherical carbon nanoparticle, Alk-Ti3C2 alkalization-intercalated Ti3C2, ASV anodic stripping vol-
tammetric, SWCNT single-walled carbon nanotubes

Electrode Method Linear range (µM) LOD (µM) Refs.

M-ɤ -Al2O3/CPE DPV 0.01–10 0.002 [7]
Fe3O4/F-MWCNTs/GCE SWV 0.048–30 0.014 [9]
SNAC/GCE DPV 0.09–4.8 0.024 [66]
Alk-Ti3C2/GCE SWV 0.1–1.5 0.098 [67]
BiF4/CPE ASV 0.18–0.89 0.087 [68]
Hg–Bi/SWCNT/GCE SWV 0.089–1.2 0.018 [69]
PTH/MWCNTs-G/CS/CuO/GCE SWV 0.01–30 0.014 This work
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due to the generation of intermetallic compounds which can 
compete with Cd(II) and minimize the effective surface area 
of the electrode. This interference is quite similar to that 
reported by other researches [1, 7, 11, 71].

3.8 � Analysis of Real Samples and Recovery Test

Tap water was used to study the practical application of 
PTH/MWCNTs-G/CS/CuO/GCE to determine Cd(II), and 
this was analyzed using a recovery procedure (Figure S6). 
A known concentration of Cd(II) (0, 5, 15, 20, and 25 μM) 
was added to 1.0 ml of the real sample, and the resulting 
solution was utilized to detect the recovery using Eq. 4 [65].

As shown in Table 3, the SWV of tap water sample did not 
show any response signal in absence of an analyte and the 
results of the Cd(II) in the real samples were between 92.23 
and 110.4%. The results achieved from this analysis are con-
sidered quite reasonable.

4 � Conclusions

A series of nanocomposites were prepared using an achiev-
able in situ polymer oxidation route. A GCE modified elec-
trode was applied for the detection of Cd(II) in 0.1 M AcB. 
The PTH/MWCNTs-G/CS/CuO sensor showed the best per-
formance at a pH of 5.0. The LOD was found to be 0.014 µM 
and had an LOQ of 0.049 µM. The stability, reproducibility, 
and selectivity were evaluated and found to be sufficiently 
good. Furthermore, the fabricated electrode exhibited high 
performance with a real sample. The high Cd(II) detection 
efficiency of the PTH/MWCNTs-G/CS/CuO/GCE sensor 
indicated that it may be a successful candidate for electro-
chemical sensor applications.
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