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Abstract 
A new strategy to prepare copper (Cu) nanoparticles anchored in nitrogen-doped carbon nanosheets (Cu@CN) has been 
designed and the nanomaterial applied to the determination of paraquat (PQ). The nanocomposite materials were character-
ized by transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and 
several other techniques. We found that the Cu nanoparticles are uniformly distributed on the carbon materials, providing 
abundant active sites for electrochemical detection. The electrochemical behavior of the Cu@CN-based PQ sensor was 
investigated by square-wave voltammetry (SWV). Cu@CN exhibited excellent electrochemical activity and PQ detection 
performance. The Cu@CN-modified glassy carbon electrode (Cu@CN/GCE) exhibited excellent stability, favorable sensi-
tivity, and high selectivity under optimized conditions (enrichment voltage −0.1 V and enrichment time 400 s) of the SWV 
test. The detection range reached 0.50 nM to 12.00 μM, and the limit of detection was 0.43 nM with high sensitivity of 18 
μA·μM−1·cm−2. The detection limit is 9 times better than that of the high-performance liquid chromatography method. The 
Cu@CN electrochemical sensor demonstrated excellent sensitivity and selectivity also in environmental water and fruit 
samples enabling its use in practical, rapid trace-level detection of PQ in environmental samples.
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Introduction

Paraquat (PQ), also referred to as 1,1′-dimethly-4,4′-
bipyridinium, is a quick acting, broad spectrum, touch-kill-
ing, biocide herbicide that is commonly used in agriculture 

to remove broadleaf weeds [1]. Paraquat is commonly used 
for weeding in orchards, rubber plantations, rice fields, and 
dry land. However, PQ is highly toxic to humans and ani-
mals and can damage the liver, heart, lungs, and kidneys 
while also known to cause Parkinson’s disease [2]. Cur-
rently, the maximum allowable residue limits for PQ in dif-
ferent countries are around 40–400 nM, and there is no cure 
or medical treatment for PQ poisoning. The presence of PQ 
is very persistence following contact with soil and is highly 
soluble in water (620 g·L−1 25 °C), enabling it to remain in 
the environment and cause widespread contamination [3]. 
Although PQ has been banned in the European Union and 
other countries, it is still widely used in more than 100 other 
countries, killing many people due to paraquat poisoning 
every year [4]. Therefore, it is crucial to develop an efficient 
and rapid PQ detection method.

There are numerous methods for the detection of paraquat, 
such as fluorescence [5], colorimetry [6], liquid chromatog-
raphy–tandem mass spectrometry [7], and surface-enhanced 
Raman scattering (SERS) [8, 9]. The various methods men-
tioned above can accurately determine the content of paraquat, 
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though they often require complex pretreatment of samples, 
extensive instrumentation, and time-consuming procedures. 
Electrochemical methods can detect pollutants in various 
environments owing to its portability, rapid detection ability, 
high selectivity, and sensitivity [10–13]. The performance of 
a sensor platform depends on its favorable conductivity and 
abundant accessible active sites. Nanomaterial-modified elec-
trodes exhibit excellent electrochemical performance. Using 
carbon or polymers as support of metallic nanoparticles to 
increase sensor’s conductivity has been proven to be a suc-
cess strategy [14–18]. For example, a self-assembled Bi film 
and Au nanoparticle-modified screen-printed carbon electrode 
(SPCE) (Bi/AuNP-SPCE) has been prepared for detecting 
low levels of Zn(II), Pb(II), and Cu(II) [15]. Beyond that, 
electrochemical methods based on these materials have also 
been used to detect PQ as an efficient and easy-to-operate 
alternative method [19–22]. Rajaram et al. synthesized Au 
nanoparticle-incorporated multiwalled carbon nanotubes for 
the electrochemical detection of PQ with limit of detection 
(LOD) of 32.00 nM [23]. Xiong et al. used the signal enhance-
ment effects of gold nanoparticles (Au NPs) to improve the 
selectivity and sensitivity on PQ detection[24] and reached 
detection limit as low as 0.034 nM when using the CP[5]-Au 
NPs (3 nm)-modified nano-sensor. Zhang et al. built a ternary 
nanocomposite film electrode based on MoS2 and Au nano-
particles to functionalize boron nitride for the determination 
of PQ with 0.074 μM LOD [25].

Non-noble metals such as Cu have been used as low-cost 
alternatives; their favorable redox ability makes them good 
candidates for the modification of electrodes [26, 27]. How-
ever, the sintering of Cu on the surface of the carbon decreases 
the catalyst active sites [28]. Dmitri et al. demonstrated that 
N-doping could resolve the sintering of Cu nanoparticles on 
the supported carbon to improve the performance of the cata-
lytic materials [29]. N-doping of carbon adjusts the electronic 
structure of the space charge layer to form highly reactive gra-
phitic N sites in the electrochemical reaction [29].

In this work, Cu@CN nanosheets were fabricated using a sim-
ple method for PQ detection. The performance for detecting PQ 
was tested and evaluated in real water environments (lake water, 
tap water, and cabbage-rinsed water), fruit samples (lemon juice), 
and vegetable samples (cabbage juice), including determination 
of linear relationships and recovery rates. The proposed method 
provides a novel electrochemical detection system for efficient, 
rapid, and accurate trace-level detection of PQ.

Experimental

Materials and reagents

Ultrapure water (resistance ≥18.25 MΩ cm−1), prepared 
with Milli-Q purification equipment (Milli-Q USA), was 

used to prepare all solutions used in this experiment. 
1,10-Phenanthroline (C12H8N2·H2O, 99%), zinc nitrate 
(Zn(NO3)2·6H2O, 98%), copper(II) nitrate (Cu(NO3)2·3H2O, 
99%), dibasic sodium phosphate (Na2HPO4, 99%), sodium 
dihydrogen phosphate (NaH2PO4, 99%), sodium chloride 
(NaCl, 99.5%), and PQ (99.7%) were obtained from Macklin 
(Shanghai, China). Lake water samples were taken from 
Ze Lake (Kunming, China), and tap water samples were 
obtained from the living building from Yunnan University in 
Kunming China. Lemon and cabbage were purchased from 
a local market. All the reagents were analytically pure and 
could be used directly.

Preparation of Cu@CN nanosheets and N‑doped 
carbon

Cu@CN nanosheets and N-doped carbon (CN) were synthe-
sized through simple pretreatment and subsequent thermal 
treatment. This method is simply modified from the previous 
reference [30]. The specific synthesis process was in the 
supporting information.

Characterization of Cu@CN

The Cu@CN nanoparticles were characterized by scanning 
electron microscopy (SEM), transmission electron micros-
copy (TEM), Fourier transform infrared (FTIR) spectros-
copy, Raman spectra, X-ray diffraction (XRD), and X-ray 
photoelectron spectroscopy (XPS). The specific instrument 
models were in the support information.

Preparation of Cu@CN/GCE

The treatments for the bare glassy carbon electrodes (GCE) 
were detailed in the supporting information. The Cu@CN 
powder was dispersed in ultrapure water, N, N-dimethylfor-
mamide (DMF), and Nafion (5:4.5:0.5); 5 μL Cu@CN ink 
(1 mg mL−1) was then added to the electrode surface. The 
mixture was allowed to stand for 24 h at room temperature 
until the ink was completely evaporated.

Electrochemical measurements

Electrochemical measurements were performed using a 
CHI 660E electrochemical workstation (Shanghai Chenhua 
Instrument Co. Ltd., Shanghai, China). 0.1 M phosphate-
buffered solution (PBS) was used as electrolyte solution 
for electrochemical experiment. The measurements were 
performed using a three-electrode system; the detailed 
performances were listed in the supporting information. The 
scanning rate of linear sweep voltammetry (LSV) tests (n = 
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3) was performed from −0.9 to −0.3 V at the scanning rate 
in a range of 10–200 mV·s−1. The cyclic voltammetry (CV) 
tests were performed from −0.9 to −0.3 V at the scanning 
rate of 100 mV·s−1. The PQ detection was performed via 
SWV method (n = 3) at −0.1 V (enrichment voltage) and 
400 s (enrichment time) in 0.1M PBS (50 mL, pH 7). The 
peak potential of PQ detection was obtained at −0.65 V.

Preparation of real samples

The real water samples filtered through a 0.45-μm membrane 
were directly diluted with PBS (0.1 M) at a ratio of 1:1. 
Lemons were chosen as the fruit sample, and cabbages were 
selected as the vegetable sample. The lemon and cabbage 
juice were filtered through a 0.45-μm membrane. The lemon 
and cabbage juice ware diluted with PBS (0.1 M) at a ratio 
of 19:1. Real water samples and lemon and cabbage juice 
samples containing different concentrations of PQ were 
analyzed by SWV method.

High-performance liquid chromatography (HPLC) was 
used to compare the accuracy of the Cu@CN-based sensor 
detection of PQ. The real samples were all filtered through 

0.22-μm nylon membrane. The standard curve was established 
for the detection of the prefabricated solution (3, 50, 150, 
400, 600 nM); bare and spiked real samples were analyzed by 
HPLC (mobile phase: acetonitrile/water; 60 %: 40 %; injection 
rate: 1mL·L−1; injection volume: 20 μL) [31].

Results and discussion

Characterization of Cu@CN

The SEM image of Cu@CN was shown in Fig. 1a; round Cu 
particles were grown on the carbon sheets. From the TEM 
image of Cu@CN, the Cu nanoparticles were found to be 
embedded on the nanosheets. It can be seen from Fig. 1b 
that the particle size distribution of the Cu nanoparticles lies 
mainly in the range of 32.00–38.00 nm, while the average 
particle size was 32.40 nm. Uniformly sized nanoparticles 
evenly distributed in the carbon materials provided abundant 
active sites. At the same time, as shown in the TEM image 
in Fig. 1c of the enlarged Cu particles, the observed lattice 
fringes of 0.204 nm correspond to the face-centered cubic 

Fig. 1   a SEM images of Cu@
CN; b TEM images of Cu@
CN; inset shows the Cu particle 
size distribution graph; c and d 
HRTEM images of Cu@CN; 
e–i elemental mapping images 
of Cu, C, and N in Cu@CN
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structure of the upper Cu [32]. According to Fig. 1f–i, it can 
be seen from the energy dispersive spectrum that C and N 
are uniformly distributed, while Cu is concentrated on the 
spherical particles. In addition, Cu is distributed in the car-
bon material in the form of nanoparticles.

From Fig. 2c, the XRD pattern shows that the four 
peaks identified in the PDF standard card (#01-1241) 
of Cu of the Committee for Powder Diffraction Stand-
ards (JSPDS) correspond to 43.47, 50.37, 73.99, and 
89.93°, respectively[32], which are consistent with the 
(111), (200), (220), and (311) crystal planes; the weak 
peak before 43.47° corresponds to the peak of the CuO 
standard card (#45-9537)[33]. Cu primarily exists in the 
material in the zero-valence state while also present in 
the form of Cu2+.

In Fig. 2d, the high-resolution Cu 2p core-level spectra 
of Cu@CN correspond to Cu 2p3/2 and Cu 2p1/2, confirm-
ing the presence of Cu0/Cu2+, along with the presence of 
two satellite peaks at 941.2 and 962.45 eV [34, 35]. The 
Cu 2p1/2 and Cu 2p3/2 spectra resolved into three peaks. 
The Cu 2p3/2 at 932.65 eV and Cu 2p1/2 at 952.55 eV could 
be attributed to Cu0; meanwhile, the Cu 2p3/2 at 933.8 and 
935.2 eV and Cu 2p1/2 at 954 and 954.9 eV were due to 
Cu2+. The XRD results obtained demonstrate the pres-
ence of Cu and CuO species. CuO could be attributed to 
the oxidation of the material in air. The high-resolution 
C 1s spectrum of Cu@CN in Fig. 2e displays four repre-
sentative peaks that could be attributed to the C−C (284.8 
eV), C−N (285 eV), C=C (286 eV), and C=N (287.5 eV) 
bonds, respectively [36]. The high-resolution N 1s spectra 

Fig. 2   a Raman spectroscopy 
of Cu@CN; b FTIR spectra of 
Cu@CN and CN; c XRD image 
of Cu@CN; d–f XPS spectra of 
Cu, C, and N in Cu@CN
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(Fig. 2f) were fitted to three peaks at 398.69 eV (pyri-
dinic N), 401 eV (pyrrole N), 403.45 eV (graphitic N) and 
406.53 eV (N-oxide)[37].

In Fig. 2a, D peak at 1354.36 cm−1 and G peak at 1586.63 
cm−1 in the Raman spectra of Cu@CN correspond to the 
distortion of lattice, indicating the defect of the carbon struc-
ture and the introduction of N into the carbon structurer 
[38]. Compared with the FTIR spectra of CN with black 
line in Fig. 2b, the peak at around 601.13 cm−1 in the red 
line of Cu@CN confirmed that the Cu species was success-
fully introduced into the carbon materials. Meanwhile, the 
peak at 1111.05 cm−1 could be attributed to the vibration 
of Cu-N [39].

Electrochemical performance of Cu@CN/GCE

SWV tests were performed to compare the PQ detection 
performance of the electrodes [40]. The 5 μM PQ was added 

to a PBS (pH 7) to facilitate the testing of the Cu@CN/GCE, 
CN/GCE, and bare GCE electrodes. The deposition time was 
400 s, and the deposition potential was −0.1 V for the i–t 
curve. As shown in Fig. 3a, Cu@CN/GCE exhibits the most 
favorable response current. The current response intensity 
of Cu@CN/GCE to PQ was significantly higher than that 
of the CN/GCE modified electrode and bare electrode; a 
higher current response occurred on the Cu@CN-modified 
surface, indicating that the doping of Cu plays an important 
role in the reduction reaction of PQ. Catalytic performance 
correlates with improved conductivity for the reduction reac-
tion on the Cu@CN/GCE surface. The uniform distribu-
tion of Cu nanoparticles on the electrode surface increased 
the number of reaction sites on the Cu@CN/GCE surface, 
resulting in a large step enhancement of the electrical sig-
nal. Nyquist plot (EIS) was used to evaluate the modified 
electrodes’ charge transfer characteristics, and the semicircle 
diameter in Fig. 3b represents the charge transfer resistance 

Fig. 3   a SWV response of Cu@
CN/GCE, CN/GCE, and bare 
electrode to 5μM PQ; b Nyquist 
plot (EIS) of Cu@CN/GCE, 
CN/GCE, and GCE in 0.1 M 
KCl solution containing 5 mM 
[Fe (CN)6]3−/4−, with frequency 
range of 10−1–107 Hz and 
amplitude of 0.1 VRMs; c LSV 
curves of Cu@CN at varying 
scan rates with an inset showing 
the linear fit of the scan rate and 
the current intensity response; d 
CV spectra of Cu@CN/GCE in 
5μM PQ; e detection mecha-
nism of Cu@CN/GCE (n=3)
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(Rct) where smaller diameter means that the electrodes have 
smaller Rct and higher charge conductivity [41]. As shown in 
Fig. 3b, the Rct order of Cu@CN (10.6 Ω) < GCE (42.0 Ω) < 
CN (558.3 Ω) verifies the conclusions obtained from Fig. 3a.

The control mechanism for substance detection on the 
electrode surface was analyzed using LSV curves obtained at 
varying scanning rates. The detection of contaminants on the 
electrode surface may be adsorption- or diffusion-controlled. 
As shown in Fig. 3c, the current response intensity increased 
with an increase in the scan rate. As shown in Fig. 3c, the 
scan rate and current intensity exhibited an excellent linear 
relationship and were positively correlated. This indicates 
that the adsorption process dominated the reaction on the 
surface of the electrode

CV spectra of Cu@CN/GCE in 5 μM PQ were shown 
in Fig.  3d. A reduction peak and an oxidation peak in 
symmetrical distribution correspond to the rounded redox 
reaction of PQ. The reduction mechanism (Fig. 3e) can be 
classified as a charge transfer process of single-electron 
reduction to +2-valent PQ dicationic ions, forming cationic 
radicals [19, 42]. The chemical equation used is PQ2+ + 
1e− ⇆ PQ•+. According to the results, the redox peak with 
a current response of −0.66 V was chosen as the target peak 
to detect PQ [43].

Experimental condition optimization

To obtain the optimal PQ detection current, the effect on 
the electrical signal of the Cu@CN ink amount applied 
towards electrode modification, enrichment voltage, 
enrichment time, and pH was explored. Fig. S1 (a) shows 
that 1 mg·mL−1 was the most suitable concentration to 
obtain the highest current response, as high levels of 
modified electrode material will hinder the efficiency of 
electron transfer. The effects of pH value on the electri-
cal signal of paraquat were carried out in pH gradients 
from 5 to 9. The results indicate that the highest sig-
nals can be obtained at neutral conditions (Fig. S1 (b)). 
Usually, PQ can decompose under excessively alkaline 
conditions, while, on the contrary, the generated protons 
on the surface of the electrolyte in acidic environments 
would hinder the PQ adsorption on the electrode sur-
face. Fig. S1 (c) showed that the current signal presented 
the highest value when the enrichment voltage is set 
at −0.1 V, indicating that the reduction reaction of PQ 
takes place in this voltage range. From Fig. S1 (d), the 
increasing current with increased enrichment time as 
well as PQ was in consistent with the strong adsorption 
behavior. However, when the enrichment time exceeded 
400 s, the growth amplitude of the current signal began 
to decrease. Therefore, an enrichment voltage of −0.1 
V and enrichment time of 400 s was employed in the 
subsequent experiments.

Electrochemical detection of PQ and linear fit

PQ electrochemical detection was carried out under opti-
mized conditions to obtain the SWV curves. Figure 4 shows 
the peak shape plots of the SWV current responses for dif-
ferent PQ (0.5 nM to 12 μM), while Fig. 4 shows the cor-
responding linear relationship. The peak value of SWV 
increased continuously with increasing PQ concentration. 
The linear regression equation is I(μA) = 0.0180 C (PQ/
nmol·L−1) + 0.0996 (R2 = 0.998). The sensitivity of PQ 
was 18 μA·μM−1·cm−2 in the concentration range from 0.50 
nM to 12.00 μM. The LOD was 0.43 nmol/L, which was 
calculated using the formula LOD = 3Sb/S. Sb is the standard 
deviation of the 10-fold blank solution detection current, and 
S is the slope of the calibration curve.

The prepared electrode was compared with other modified 
electrodes from other reports, and the detailed information 
were listed in the Table 1. According to Table 1, the Cu@
CN/CGE electrode showed a relatively LOD and compared 
or better linear range, indicating that the Cu@CN/GCE 
could be used in the PQ trace-level detection.

Stability and selectivity studies

Two sets of experiments were performed to explore the 
repeatability and reproducibility of the electrodes. Five5 
micrometer of PQ was added to a 0.1 M PBS, while detec-
tion was consistent with the SWV curve; the same elec-
trode was used for detection in 20 consecutive instances. 
This test was repeated for the five electrodes. As shown in 
Fig. 5a, the current did not alter significantly following 25 
measurements; the relative standard deviation (RSD) was 
only 0.11%. Moreover, as shown in Fig. 5b, the RSD of the 
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five electrodes is 0.78%, which proves that the modified 
electrodes possess a high reproducibility. From the above 
experiments, the Cu@CN material was shown to exhibit 
favorable repeatability, reproducibility, and stability. As 
shown in Fig. 5c, the signal response of the electrodes 
on the first, fifth, tenth, and fifteenth days did not change 
significantly and remained quite stable. The fifteenth day’s 
current intensity only dropped by 5.9% relative to the first 
day’s response. Subsequently, the anti-interference effect 
of the electrodes could be studied. Five micrometer of 
PQ was added to a 0.1 M PBS, while organic and inor-
ganic ions were added at concentrations 100 times higher 
than that of PQ including Na+, Ca2+, Cl−, Mg2+, Zn2+, 
K+, CO3

2−, HCO3
−, and SO4

2−, as well as small mole-
cules such as ascorbic acid (AS), sodium citrate (SOD 

CITR), and glucose (GLU). To further investigate the anti-
interference ability of Cu@CN-modified electrode, other 
potential interference organic compounds like atrazine 
(AT), glyphosate (GLY), glufosinate-amomonium (GLU-
A), butachlor, and propanil  were added. As shown in 
Fig. 5d, the current signal dropped slightly, possibly owing 
to the adsorption and subsequent occupation of the active 
sites on the surface of the electrode owing to AT, GLU-A, 
GLY, and butachlor. The current of Zn2+ decreased due 
to the deposition of Zn2+, which may have affected the 
adsorption of PQ, while HCO3

− and CO3
2− also decreased 

the current of the PQ signal by influencing the pH of the 
electrolyte. However, the influence of these ions and small 
molecules was relatively insignificant, proving that the 
electrode possesses favorable selectivity for PQ.

Table 1   Electrochemical 
performance comparison of the 
Cu@CN sensor to the other PQ 
sensors

a Polypyrrole-grafted nitrogen-doped graphene-modified glassy carbon electrode; bcarboxylated pillar[5]
arene-modified silver nanoparticle-anchored graphene oxide-modified glassy carbon electrode; cactivated 
biochar and reduced graphene oxide-modified electrodes; dmolybdenum disulfide and gold nanoparticle-
functionalized boron nitride-modified glassy carbon electrode; eMIL-100(Fe) loaded with iron oxide-
modified glassy carbon electrode

Electrode Technique Linear range (μM) LOD (nM) Ref.

PPY-g-NGE/GCEa DPV 0.050–2.00 58.00 [44]
CP5-AgNPs/GO/GCEb DPV 0.010–10.00 10.00 [43]
rGO–AB4c AdDPSV 0.70–9.80 23.10 [42]
BN/MoS2/AuNPs/GCEd DPV 0.10–100.00 74.00 [25]
Fe2O3-MIL-100/GCEe SWV 0.010–30.00 2.60 [41]
Cu@CN/GCE SWV 0.00050–12.00 0.43 This work

Fig. 5   a Repeatability of 
response of Cu@CN/GCE in 25 
measurements; b reproducibility 
of response of Cu@CN/GCE 
using 5 different electrodes; 
c stability of Cu@CN/GCE 
over 15 days; d SWV test on 
the detection of PQ with the 
presence of interfering materials 
(n=5)
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Analysis of the real sample

The practicability of Cu@CN/GCE was further explored by 
detecting PQ in lake water, tap water, vegetable-rinsed water, 
and fruit and vegetable samples. Linear fits were obtained using 
the SWV test detection of the PQ. The original concentration 
of PQ was below the detection limits in the real non-spiked 
samples. By introducing different amounts of PQ into these 
samples, the obtained recovery rate was obtained and is pre-
sented in Table 2. The amount of PQ added to the lake and tap 
water, cabbage-rinsed water, and cabbage juice was 100.0 and 
200.0 nM, respectively. The spiked recoveries measured for 
the lake water, tap water, cabbage-rinsed water, and cabbage 
and lemon juice samples were in the range of 97.7 % and 104.6 
%. The results were comparable to that obtained using HPLC 
(96.3–104.3 %; RSD: 0.9–1.6 %). Totally, the Cu@CN/CGE 
showed a satisfying sensitive and stable PQ detection perfor-
mance. The maximum contaminant level for PQ in drinking 
water is 0.7 μM according to the US Environmental Protec-
tion Agency (EPA) [45]. The LOD of the lemon juice, cabbage 
juice, cabbage-rinsed water, tap water, and lake water were 1.8 
nM, 27.3 nM, 25.5 nM, 8.7 nM, and 11.8 nM, respectively, 
which were lower than the Chinese standard of the PQ maxi-
mum residue in food (0.78 μM) [46]. The RSD was approxi-
mately 0.6–2.2 %, indicating that the relative errors were low 
and that the results of the real sample tests were accurate. The 
detection limits of Cu@CN/GCE were lower than the maxi-
mum allowable residue limits in environment indicates that the 
Cu@CN electrode can be applied in real situation applications.

Conclusion

The as-prepared Cu@CN demonstrated a favorable signal 
response for PQ in the PBS electrolyte relative to the bare 
and CN-modified electrodes in the context of the SWV 

method. The introduction of Cu enhanced the electrical 
conductivity of N-doped carbon and increased the number 
of active sites for PQ detection. The current signal dropped 
slightly in the presence of other herbicide targets with 
chemical structures similar to PQ. The prepared electrode 
also presented a high accuracy and stability performance 
when analyzing actual environmental samples, indicating 
its potential for detecting trace-level of PQ with simple 
sample-pretreatment.
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