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� Anovelmultiphasemodification layer
based on ZIF-67/MWCNT/Nafion was
constructed.

� This modification layer greatly
improved Pb2þ and Cu2þ sensing
performance.

� The sensor displayed a low detection
limit of 1.38 nM for Pb2þ and 1.26 nM
for Cu2þ.
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A series of different facile modification layers (MLs) was designed to gradually increase the electro-
chemical sensing performance of glassy carbon electrode (GCE) for simultaneously detecting Pb2þ and
Cu2þ. ML designs were mainly a different combination of ZIF-67, MWCNT and Nafion, and their different
electrochemical sensing performances were investigated by cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), square wave stripping voltammetry (SWSV) and chronocoulometry. The
fabricated sensor, which modified with ZIF-67/MWCNT and Nafion layer, exhibited the biggest response
peak current to Pb2þ and Cu2þ. In addition, it displayed a wide linear detection range of 1.38 nMe5 mM
for Pb2þ and 1.26 nMe5 mM for Cu2þ, a detection accuracy of about 1 nM for both Pb2þ and Cu2þ, and an
excellent stability for both Pb2þ and Cu2þ. We also analyzed the real water sample taken from Chang-
chun’s Sanjia Lake and Yan Lake. We believe this ML design provides instruction for building high-
performance electrochemical sensing systems.

© 2020 Elsevier B.V. All rights reserved.
gy@jlu.edu.cn (G. Lu).
1. Introduction

Heavy metal ions (HMIs), due to their high toxicity and non-
biodegradability, have a major threat to human health [1e3]. For
example, lead (Pb) intake affects adversely the central nervous sys-
tem and the developing brain. And these effects have been found
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more terrible for children even under a safe concentration [4,5].
Although copper (Cu) is an essential element of the body, when
being excessive, it will induce damage to the liver, gastrointestinal,
and kidney [6]. Non-biodegradability means HMIs get the biggest
enrichment in human beings with the progressive food chain.
Therefore, monitoring HMIs in a low cost, facile and sensitive way is
essential for human health. HMIs detection techniques are mainly
atomic absorption spectrometry (AAS) [7], surface�enhanced
Raman spectrometry (SERs) [8], UVevis spectrophotometry [9],
inductively coupled plasma mass spectrometry (ICP-MS) [10] and
electrochemical sensors [11]. Compared to the others, electro-
chemical sensors havemany unique features such as low cost, simple
operation, portability, remarkable sensitivity, and low detection
limit, which are significant for the on-site and routine monitoring
HMIs. For electrochemical sensors, GCE has the characteristics of
high chemical stability, wide potential applications, and easy
modification. And it has been widely used as the working electrode
in electrochemical sensors. Because the electrochemical reaction of
heavy metal ions occurs at the interface between the working
electrode and the electrolyte. The electrodemodifiedmaterial of GCE
has a significant influence on the sensing performance.

Porous metal organic framework (MOF) consists of alternate
organic moieties and metal ions/clusters. Metal nodes of the un-
saturated coordination sites and abundant coordinative defect sites
on the exterior solid surfaces make MOF have a good catalytic ac-
tivity [12]. MOF is used as a good catalyst in many fields such as
oxidative desulfurization [13], degradation of organic pollutants
from wastewater [14], Dye Degradation [15], fast Knoevenagel
condensation [16], etc. ZIF-67, made up of bridging 2-
methylimidazolate anions and Co2þ cations, is one important sub-
part of MOF. At the same time, ZIF-67 with an easy-to-synthesize
property has been found a good adsorption to HMIs [17e20].
Hence, we chose ZIF-67 as a modification material to build the
electrochemical sensor for detecting HMIs. However, the poor
conductivity and stability in water constrain its application in
electrochemical sensors.

To overcome these defects, we introduced the multiwalled
carbon nanotubes (MWCNTs) and Nafion membrane. MWCNT with
an excellent conductivity has been used in many electrochemical
sensors to promote electrons transfer and then improve the sensing
performance [21e24]. Besides, Nafion, as a selectively permeable
membrane, has a good adsorption for HMIs and good stability in
solution. When the solvent of the Nafion solution is evaporated, a
stable film is formed on the surface of the electrode to block the
direct contact of ZIF-67 with air and solution, thereby improving
themechanical stability of the modified electrode. Nafion also has a
good cation-exchange property and strong adsorption capacity
[25,26]. Moreover, the use of multiple characteristics of the com-
posite system to improve performance has been proven to be
effective in various electrochemical systems, such as drug detection
[27], gas detection [28], OER reaction [29] and full cell [30].
Therefore, MWCNT was used to improve the poor conductivity of
ZIF-67 and Nafion was used to further stabilize the modification
layer of ZIF-67/MWCNT. The synergy of the three materials ZIF-67/
MWCNT and Nafion improves the sensing performance of GCE on
Pb2þ and Cu2þ. Related work has not been reported in the previous
literature.

In this work, Pb2þ and Cu2þ sensors based on ZIF-67/MWCNT
and Nafion were fabricated. The research focused on the
improvement of the electrochemical performance of ZIF-67 by
MWCNT and Nafion. At the same time, the effects of different
modification ways of Nafion on the sensing performance were
studied. In addition, we have also studied the repeatability, anti-
interference ability, reproducibility, stability, specificity, and re-
covery of the sensor.
2. Experiment section

2.1. Reagents

MWCNT was purchased from Xianfeng Nano Technology Co.,
Ltd., with a carboxyl content of 1.73 wt%. Other chemicals and re-
agents are all of analytical grade. For the choice of water samples,
we chose commercial pure water and laboratory-prepared pure
water (resistivity 18.2 MU cm), and conducted Inductively coupled
plasma mass spectrometry tests (ICP-MS) on their Pb2þ and Cu2þ

content to select a purer water sample to construct the detection
system. Relevant ICP-MS test results were shown in Table S1(in the
supporting information). At the same time, ICP-MS was used to test
Pb2þ and Cu2þ content in real water samples.

2.2. Preparation of ZIF-67

ZIF-67 was synthesized according to previous studies [31].
Firstly, 1.164 g of Co(NO3)2$6H2O and 1.314 g of 2-methylimidazole
were separately dissolved in 100 mL of Methanol. Then poured
Co(NO3)2 solution into 2-methylimidazole solution and stirred
vigorously for 15 min. The mixed solution was left still at room
temperature for 24 h. Finally, the obtained product was filtered
with a 0.22 mm membrane and dried at 30 �C for 24 h.

2.3. Functionalization of MWCNT

In order to improve the dispersibility of MWCNT in water,
MWCNT was pretreated with a mixture of nitric acid and sulfuric
acid (volume ratio of 1:3). Specific steps were as follows: Firstly,
0.4 g MWCNT was added into 20 mL mixed acid solution. The
suspension was then refluxed for 6 h with continuous stirring at
40 �C. It was then rinsed with water to reduce acidity and cen-
trifugated until the pH was natural. Finally, the obtained product
was dried at 30 �C in an oven.

2.4. Fabrication of ZIF-67, ZIF-67/MWCNT, ZIF-67/MWCNT/nafion
modified electrodes

Firstly, ZIF-67 1.25 mg and MWCNT 1 mg were separately
dispersed in 1 mL deionized water to obtain a uniformly dispersed
suspension. 5 mL MWCNT suspension was then added into 95 mL
ZIF-67 suspension and ultrasonicated for 5 min, obtaining the ZIF-
67/MWCNT modified solution. Next, 2 mL Nafion was added into
8 mL ZIF-67/MWCNT modified solution and ultrasonicated for
5 min, obtaining the mixed modification of Nafion modified solu-
tion named mixed Nafion solution.

Prior to the modification, GCE was sequentially polished with
Al2O3 powder having a particle size of 1 mm, 0.3 mm, and 0.05 mm.
After rinsing with deionized water, CV characterization of the
electrode was carried out in 5 mM K3Fe(CN)6 containing 1 M KCl at
a potential range of �0.3 to 0.7 V to check the surface state of GCE.
GCE was then ultrasonicated with dilute sulfuric acid, ethanol, and
deionized water. Finally, GCE was dried with nitrogen and the
corresponding modified materials were added. ZIF-67 and ZIF-67/
MWCNT-modified electrodes were obtained by adding 8 mL ZIF-
67 and ZIF-67/MWCNT suspension onto the electrode. Herein, to
better understand the effect of Nafion, we design two kinds of
Nafion modification ways: One is a mixed modified layer of ZIF-67/
MWCNTand Nafion, and the other is a layeredmodified layer of ZIF-
67/MWCNT and Nafion. The mixed modification of the Nafion
modified electrode was obtained by adding 10 mL mixed Nafion
solution. The layered modification of the Nafion modified electrode
was obtained by adding 8 mL ZIF-67/MWCNT suspension and then
adding 2 mL Nafion to the dried electrode surface. All the modified
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electrodes were dried under an infrared baking lamp.

2.5. Electrochemical measurements

The three-electrode system was used for all electrochemical
tests, where modified GCE (diameter: 3 mm) as the working elec-
trode, Ag/AgCl (3 M KCl) as a reference electrode, and a platinum
sheet as a counter electrode. 5 mM [Fe(CN)6]�3/�4 with 0.1 M KCl
solution was used for CV and EIS measurements. 0.1 M different pH
HAc-NaAc buffer solutions were used for SWSVmeasurements and
prepared by mixing different ratios of 0.1 M HAc, 0.1 M NaAc, 0.1 M
HCl and 0.1 M NaOH. The chronocoulometry test was performed in
0.1 M HAc-NaAc (pH 4.0) buffer solution containing 0.6 mM Pb2þ

and Cu2þ at a deposition potential of �0.9 V.

2.6. Apparatus

The crystal structures of ZIF-67 and MWCNT were characterized
by powder X-ray diffraction (XRD, D/max rA, Cu Ka radiation at
wave length ¼ 0.1541 nm). And field emission scanning electron
microscopy (SEM, FEI Inspect F50) was used to record the surface
morphology of modified materials. X-ray photoelectron spectros-
copy (XPS) measurement was conducted in an American Thermo
Fisher 250XI photoelectron spectrometer to determine the
composition of ZIF-67. ICP-MS (PerkinElmer, NexLON 350D) was
used to calibrate the HMIs content of solution samples.

3. Results and discussion

3.1. Crystal structure and morphological characterizations

XRD patterns of MWCNT and ZIF-67 were shown in Fig. 1(a) and
(b). After the acid treatment, the XRD pattern of MWCNT is corre-
sponding to the graphite carbon. The characteristic diffraction peak
of graphite at 2q ¼ 26.4� is obvious, indicating the acid treatment
didn’t destroy the crystal structure of MWCNT. At the same time,
the SEM images of MWCNT before and after acidification were
shown in Figs. S1(a) and (b), respectively. The surface of MWCNT
before acidification is smooth, but obviously roughens after acidi-
fication, which proves the successful functionalization of MWCNT
according to the reported article [32]. Fig. S2 shows the FT-IR
spectrometer of MWCNT after acidification. The stretching vibra-
tion of C¼O and O-H can be found at 1647 cm�1 and 3220 cm�1

[23], demonstrating the existence of carboxyl and hydroxyl groups.
As also shown in Fig. 1(b), all the characteristic peaks of the syn-
thesized ZIF-67 are in good consistence with the simulated ZIF-67,
demonstrating the successful synthesis of ZIF-67. The surface
compositions and Co ions’ valent states of ZIF-67 were further
studied by XPS. Fig. 1(c), the full survey spectrum, confirms the
existence of Co, N, C, and O of ZIF-67. As shown in the high-
resolution spectrum of Co 2p (Fig. 1(d)), Two main peaks at 796.6
and 781.1 eV correspond to Co 2p1/2 and Co 2p3/2 respectively,
which verifies the presence of Co(II) of ZIF-67. The other two peaks
at 802.3 and 786.3 eV are typical Co2þ shakeup satellite peaks
[33,34]. Therefore, cobalt in ZIF -67 exists in divalent form,
consistent with previous reports [33,35].

SEM images characterize the morphology of the electrode
modification suspension after ultrasonic treatment. As shown in
Fig. 2(a) and (b), only a part of ZIF-67 still retains the polyhedral
skeleton, while the other part is ultrasonically broken into small
nanoparticles. MWCNTmaintains its original tubular structurewith
a diameter of about 38.5 nm and is well dispersedly distributed
without entanglement. After further mixing with ultrasonication,
the morphology of ZIF-67/MWCNT was illustrated in Fig. 2(e) and
(f). ZIF-67 is completely broken into nanoparticles and mixed with
tubular MWCNTs. Due to the effect of ZIF-67 nanoparticles, there
are many visible nanoparticles on the MWCNTs’ surface and the
diameter of MWCNTs increases to 60.6 nm.

3.2. Electrochemical characteristics of ZIF-67/GCE, ZIF-67/MWCNT/
GCE, MWCNT/GCE

The electrochemical characteristics of bare GCE, ZIF-67, ZIF-67/
MWCNT and MWCNT modified electrodes were studied via CV and
EIS tests. Fig. 3(a) displays CV curves of the above four electrodes
measured at a scan rate of 50 mVs�1. The MWCNT modified elec-
trode exhibits the biggest peak current and the smallest peak po-
tential separation (potential difference between oxidation peak
potential and reduction peak potential). Bare GCE with good con-
ductivity also exhibits a relatively big peak current and small peak
potential separation. In contrast, after modifying GCE with ZIF-67,
the electrode modified with ZIF-67 presents the smallest peak
current and largest peak potential separation. The ZIF-67/MWCNT
modified electrode’s peak current and peak potential separation
are intermediate of ZIF-67 and MWCNT modified electrode. The
peak current in the CV measurement is relevant to the Aeff (elec-
trochemical effective area). The bigger peak currents of ZIF-67/
MWCNT and MWCNT modified electrodes may be ascribed to the
large Aeff of MWCNT. It is also well known that the rate constant of
electron transfer is inversely proportional to the peak potential
separation [36]. Therefore, the MWCNT modified electrode pos-
sesses the biggest rate constant of electron transfer. Compared with
ZIF-67 modified electrode, ZIF-67/MWCNT modified electrode
presents a bigger rate constant of electron transfer, indicating the
mixing of MWCNT promotes the electron transfer of ZIF-67. For EIS
analysis, the phase angles of the low-frequency components are
45�, indicating that the equivalent circuit model is a well-known
Randle circuit. The semi-circular arc at high frequency represents
the electron transfer resistance (Rct) of the electron transfer pro-
cess, and the low-frequency line represents the Warburg imped-
ance (Zw) of the diffusion process. Consequently, bare GCE,
MWCNT and ZIF-67/MWCNT modified electrode with a smaller
semi-circular arc have a better conductivity than ZIF-67 modified
electrode, which is consistent with the CV result. Meanwhile, a
series of CV measurements at different scan rates were shown in
Fig. 3(c), (d) and (e). And they are in turn an irreversible reaction
(slow electron transfer process), a quasi-reversible reaction (inter-
mediate electron transfer process) and a reversible reaction (fast
electron transfer process) [37], which respectively correspond to
ZIF-67/GCE, ZIF-67/MWCNT/GCE and MWCNT/GCE. This CV result
further confirms that MWCNTs play a role by promoting the elec-
tron transfer process.

3.3. Selection of electrode modification material

The selection of electrode modification material was based on
the SWSV response displayed in Fig. 4(a), the three stripping peaks
from negative potential to positive potential are Pb2þ, Cu2þ, and
Hg2þ in order. ZIF-67 modified electrode exhibits an over three
times peak current value compared to the bare GCE, which is
attributed to its good catalytic activity and adsorption property for
HMIs. It can be also found that there are no distinct stripping peaks
for the electrode modified only with MWCNT without ZIF-67. This
may be due to theweaker adsorption ofMWCNT than that of ZIF-67
on Pb2þ and Cu2þ, leading to less Pb and Cu obtained during the
electrochemical deposition process. Therefore, there are much
weaker stripping peak electrochemical signals when only modified
with MWCNT. The response curve, obtained by the MWCNT-
modified electrode with a large electrochemical signal but no
distinct stripping peaks, confirms that MWCNT plays a role by



Fig. 1. XRD patterns of (a) MWCNT, (b) ZIF-67; (c) Full XPS spectrum of ZIF-67, (d) high-resolution XPS spectrum of Co 2p.
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promoting the electron transfer process and finally increasing the
electrochemical signal. It also demonstrates that ZIF-67 is an
indispensable part of the electrode modification layer. When
MWCNT and ZIF-67 are used together, MWCNT functions to
accelerate electron transfer and further increase the response peak
current. The stripping peak current of Pb2þ and Cu2þ increase,
while there is no stripping peak of Hg2þ after modification of
Nafion. Of course, the stripping peak at 0.1 V may also be the
commonpeak of Cu2þ and Hg2þ. To investigate this, the comparison
SWSV test for the electrolytes whether containing Hg2þ is shown in
Fig. S3. The stripping peak potential and the current value of the
two curves at 0.1 V are almost the same, which proves that the
inclusion of Hg2þ will not change the stripping peak at 0.1 V.
Moreover, the addition of Hg2þ with a much higher concentration
than that of Pb2þ and Cu2þ also has little effect on the stripping
peak currents of both Pb2þ and Cu2þ, as shown in Table S3. The
above results indicate that whether Hg2þ is at a high concentration
or a low concentration will not affect the stripping peak at 0.1 V,
demonstrating that the peak at 0.1 V is not the common peak of
Cu2þ and Hg2þ. According to Hard-Soft-Acid-Base, Pb2þ and Cu2þ

belong to borderline acids, but Hg2þ belongs to soft acids. The
sulfonic acid group of Nafion belongs to the borderline base, and
the binding ability to Pb2þ and Cu2þ is stronger than that of Hg2þ.
Therefore, more Pb2þ and Cu2þ participate in the electrochemical
reaction and the stronger signal of Cu2þ covers the weak signal of
Hg2þ. Modification ways of Nafion were simultaneously studied in
Fig. 4(b). Both Nafion’s mixed and layered modifications enhance
the stripping peak current of Pb2þ and Cu2þ, while Nafion’s layered
modification shows a stronger effect. Consequently, the sensor,
named ZIF-67/MWCNT/Nafion/GCE, was finally fabricated by ZIF-
67/MWCNT and Nafion with a layered modification way.

3.4. Optimization

The following parameters were optimized: (a) types of the
electrolyte; (b) pH value of the optimized electrolyte; (c) deposition
potential; (d) deposition time; The results were shown in Fig. S4.
The final optimized conditions were determined as follows: (a)
HAc-NaAc; (b) pH value of 2; (c) �0.9 V; (d) 260 s. The detailed
discussion is shown in the supporting information.

3.5. Discussion of sensing mechanism

The detection process of Pb2þ and Cu2þ is as follows: First, set
the potential of GCE to the optimal deposition potential of �0.9 V,
and electrons are transferred from GCE to Pb2þ and Cu2þ to obtain
Pb and Cu. Then apply a positive voltage to GCE. When the char-
acteristic stripping peak potential (Pb2þ: ~-0.6 V and Cu2þ: ~-0.1 V)
reaching, Pb and Cu begin to transform into Pb2þ and Cu2þ and
return to the solution. At the same time, electrons return to GCE
and the detected stripping peak current signal is obtained. In this
detection process, the sensing performance mainly depends on
Pb2þ and Cu2þ enrichment and electrons transfer. Based on this we
constructed the electrode modification layer system as shown in
Fig. 5(a). The modified layer system could be divided into four
function parts: GCE, ZIF-67, MWCNT, and Nafion. Nafion, with the
electrostatic attraction effect of sulfonic acid groups, has a good
enrichment effect on Pb2þ and Cu2þ. In addition, the good



Fig. 2. SEM images of (a), (b) ZIF-67 at different magnifications after ultrasound; (c), (d) MWCNT at different magnifications after ultrasound; (e), (f) ZIF-67/MWCNT at different
magnifications after ultrasound.
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adsorption of ZIF-67 on HMIs further enriches Pb2þ and Cu2þ at ZIF-
67/MWCNT and Nafion interface. The enrichment of Pb2þ and Cu2þ

at ZIF-67/MWCNT and Nafion interface increases the content of
HMIs participating in the electrochemical reaction, which in turn
increases the response signal. Electron transfer takes place through
the following 2 routes. Take the deposition process as an example.
Route a: Electrons are transferred from GCE to Pb2þ and Cu2þ at the
ZIF-67/MWCNT and Nafion interface, and Pb2þ and Cu2þ are
reduced to Pb and Cu. Route b: Co2þ in ZIF-67 gets electrons from
GCE and turns into Coþ. Coþ transfers electrons to other Co2þ in ZIF-
67 to obtain new Coþ. Electrons are transferred through the mutual
conversion of Co2þ and Coþ. Finally, Coþ near the ZIF-67/MWCNT
and Nafion interface transfers electrons to Pb2þ and Cu2þ to get
Pb and Cu. In route a, electrons transfer is accelerated by MWCNT
with good conductivity, which has been proven by the CV test
shown in Fig. 3. In route b, ZIF-67 andMWCNT synergistically act on
the diffusion and transition of electrons. The catalytic action of Co2þ

provides a new reaction route b, thereby improving the sensing
performance of the sensor. To demonstrate this, the effect of Co2þ

addition was measured using ZIF-67/MWCNT/GCE as shown in
Fig. 5(b). ‘0’ represents the HAc-NaAc (pH¼ 4) only containing Pb2þ

and Cu2þ without Co2þ, while ‘1’ and ‘2’ represents the addition of



Fig. 3. (a) Cyclic voltammograms and (b) Electrochemical impedance spectra of bare GCE, ZIF-67, ZIF-67/MWCNT and MWCNT modified electrodes in 5 mM Fe(CN)63-/4- containing
0.1 M KCl. Cyclic voltammograms at different scan rate of (c) ZIF-67, (d) ZIF-67/MWCNT and (e) MWCNT modified electrodes in 5 mM Fe(CN)63-/4- containing 0.1 M KCl.

Fig. 4. SWSV curves of (a) different modified material modified electrodes: GCE, ZIF-67/GCE, MWCNT/GCE, ZIF-67/MWCNT/GCE and ZIF-67/MWCNT/Nafion/GCE, (b) different
modification ways modified electrodes: ZIF-67/MWCNT/GCE, layered and mixed modification of Nafion modified electrodes.
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20 and 40 mM Co2þ respectively. The stripping peak current values
of Pb2þ and Cu2þ are positively correlated with the Co2þ content,
indicating that Co2þ has a catalytic effect on the electrochemical
reactions of Pb2þ and Cu2þ. That is, ZIF-67 plays an important
catalytic role in the sensing performance of the fabricated sensor. At
the same time, it can be found in Fig. 4(b) that when Nafion is
modified in different ways, the stripping peak current values of
Pb2þ and Cu2þ are not the same. In order to investigate the reason,
chronocoulometry test was performed to compare their adsorption
characteristics as shown in Fig. 5(c). When Nafion is modified hi-
erarchically, the rate of charge increment is greater. This indicates
the sensor with a layered modification of Nafion has a higher
adsorption capacity, further resulting in a bigger stripping peak
current of the SWSV test displayed in Fig. 4(b). This result also
demonstrates that the maximum exposure extent of Nafion to the
Pb2þ and Cu2þ electrolyte results in a better enrichment effect.
Therefore, the construction of the proposed sensor was based on
the good electrocatalytic activity of ZIF-67/MWCNT and enrich-
ment effect of Nafion to Pb2þ and Cu2þ.
3.6. Electrochemical responses of ZIF-67/MWCNT/nafion/GCE

The sensitivity of ZIF-67/MWCNT/Nafion/GCE was investigated
under optimal experimental conditions. The SWSV responses of
different Pb2þ and Cu2þ concentrations were shown in Fig. 6(a).
Herein, the concentration of Pb2þ and Cu2þ is from 1.38 nMe5 mM



Fig. 5. (a) Function mechanism of ZIF-67/MWCNT/Nafion modified layer; (b) Effects of Co2þ addition on the stripping peak current response of Pb2þ and Cu2þ; (c) Adsorption kinetic
curves of layered and mixed modification of Nafion towards Pb2þ and Cu2þ at 0.6 mM.
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and 1.26 nMe5 mM, respectively. Corresponding calibration curves
of simultaneously detecting Pb2þ and Cu2þ were displayed in
Fig. 6(b), both showing a good linear relationship in the low con-
centration range and logarithmic linear relationship in the high
concentration range. The linear regression equations toward Pb2þ

are y ¼ 63.7234xþ5.0773 (R2 ¼ 0.9978, x ¼ 0.00138e0.60138 mM),
and y ¼ 23.7264lgxþ50.6128 (R2 ¼ 0.9808, x ¼ 0.60138e5.001 mM).
And toward Cu2þ are y ¼ 97.8194xþ23.4939 (R2 ¼ 0.9924,
x ¼ 0.00126e0.20126 mM), and y ¼ 10.5379lgxþ 50.4843
(R2 ¼ 0.9975, x ¼ 0.20126e5.001 mM), where x is concentration
(mM) of Pb2þ and Cu2þ and y is stripping peak current (mA)). The
theoretical low detection limits (LODs) for Pb2þ and Cu2þ, based on
a signal-to-noise ratio (S/N) ¼ 3, are calculated as ~10 and 3.8 nM.
The theoretical result of the LOD is slightly higher than the actual
result. Because there is still 1.38 nM Pb2þ and 1.26 nM Cu2þ in
ultrapure water as shown in Table S1(in the supporting informa-
tion). It is then used as a blank sample in the calculation of LOD. The
ultra-sensitive sensor still responds to this trace amount of Pb2þ

and Cu2þ, resulting in a bigger standard deviation of the blank
sample and theoretical value of LOD. Consequently, the LODs of
Pb2þ and Cu2þ were finally determined as 1.38 and 1.26 nM of the
actual results. The fabricated sensor was also compared with those
previously reported, as displayed in Table S2 [38e43]. It can be
clearly seen that the fabricated sensor in this work exhibits a
promising advantage on sensitivity with comparable or even better
characteristics on LODs and linear range. Although the sensitivity of
Fig. 6. (a) SWSV curves for different concentrations of Pb2þ and Cu2þ (b) Linear relationship
concentration range. The inset is the relationship of stripping peak current with Pb2þ and C
MWCNT/Nafion/GCE.
Pb2þ is smaller than that of Pd@PAC/GCE, the linear range is much
larger than Pd@PAC/GCE. To conclude, combining linearity, sensi-
tivity and detection limits, the fabricated sensor in this work de-
livers superior performance in the simultaneous detection of Pb2þ

and Cu2þ.

3.7. Repeatability, reproductivity, stability, specificity and
interference study

In addition to good sensing performance, repeatability, repro-
ducibility, and anti-interference ability also play an important role
in real sample analysis. The repeatability was examined by 10
parallel experiments in 0.1M pH 2.0 HAceNaAc solution containing
0.6 mM Pb2þ and Cu2þ. As shown in Fig. 7(a), the stripping peak
currents of 10 parallel experiments remain almost unchanged and
the corresponding relative standard deviations (RSD) for Pb2þ and
Cu2þ are calculated to be 3.0% and 2.5%, indicating the fabricated
sensor has good stability for repeated detection. As shown in
Fig. 7(b), the fabricated sensor also has a good reproducibility with
an RSD of 3.6% for Pb2þ and 4.4% for Cu2þ. In addition, when testing
the reproducibility, the modified electrode suspension will be
ultrasonicated again before each test, which will result in a
different morphology. Therefore, the good reproducibility for Pb2þ

and Cu2þ indicates that morphology has no effect on sensing per-
formance. To evaluate the anti-interference ability, over 50-fold
concentrations of other HMIs such as Kþ, Naþ, Mg2þ, Zn2þ, Hg2þ,
of stripping peak current with logarithm of Pb2þ and Cu2þ concentrations in the high
u2þ concentrations in the low concentration range for the sensor attached with ZIF-67/



Fig. 7. Evaluation of the (a) repeatability of ZIF-67/MWCNT/Nafion/GCE with 10 consecutive measurements, (b) reproducibility of ZIF-67/MWCNT/Nafion/GCE with seven fabricated
sensors.
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Fe3þ, Co2þ, Cd2þ, and Mn2þ were added. As shown in Table S3 (in
the supporting information), the changes of stripping peak currents
for both Pb2þ and Cu2þ are all less than 5%, which implies that the
fabricated sensor has a good anti-interference ability. At the same
time, it cannot be ignored that when ZIF-67/MWCNT/GCE modified
a layer of Nafion, the addition of Co2þ did not increase the stripping
peak current of Pb2þ and Cu2þ, which is different from that in
Fig. 5(b). This is because this sensor (ZIF-67/MWCNT/Nafion/GCE)
has a Nafion modified layer. The Nafion modified layer hinders the
diffusion of Co2þ to the ZIF-67/MWCNT modified layer, so adding
Co2þ does not increase the stripping peak current of Pb2þ and Cu2þ.
It also demonstrates that Co2þ in the ZIF-67/MWCNTmodified layer
will not easily dissolve into the solution due to the existence of the
Nafion barrier layer, which brings good stability to ZIF-67/MWCNT/
Nafion/GCE. The stability of the fabricated sensor was evaluated
after 10 days of storage as depicted in Fig. 8(a). There is no
distinctive change for the stripping peak current of both Pb2þ and
Cu2þ, demonstrating good stability. Finally, the specificity was
tested via obtaining a SWSV curve in the solution containing Ni2þ,
Pb2þ, Fe3þ, Cu2þ, and Hg2þ. The concentration of Ni2þ, Fe3þ, and
Hg2þ is 30 mM,which is much higher than the concentration of Pb2þ

and Cu2þ. Since the stripping peak potentials of the three ions Ni2þ,
Fe3þ, and Hg2þ are similar to those of Pb2þ and Cu2þ, they were
selected to study the specificity of the fabricated sensor for Pb2þ

and Cu2þ. As shown in Fig. 8(b), the three stripping peaks sepa-
rately correspond to Pb2þ, Cu2þ, and Hg2þ from negative potential
Fig. 8. Evaluation of (a) the stability of ZIF-67/MWCNT/Nafion/GCE after 10 days of st
to positive potential, and there are no stripping peaks for other ions.
Moreover, the stripping peak current of the fabricated sensor for
Pb2þ and Cu2þ is much higher than that for Hg2þ, indicating that
the sensor has good specificity for Pb2þ and Cu2þ.
3.8. Real sample analysis

To further evaluate the feasibility of ZIF-67/MWCNT/Nafion/GCE
in the real sample analysis, lake water of Yan Lake (Jilin University)
and domestic sewage of Sanjia Lake in Changchunwere selected as
real samples for quantitative analysis. The real water sample was
first filtered by a 0.22 mm membrane, and then mixed with the
electrolyte at a ratio of 1:19. Table 1 shows the test results of real
water samples, where the added concentration is from the ICP-MS
test and the found concentration is the test result of the fabricated
sensor. Their ratios, namely recoveries, are determined to be 87%�
126% for Pb2þ and 94%�106% for Cu2þ. When Pb2þ is below 2 nM,
the recovery for Pb2þ is a little bigger value of 126%. When Pb2þ is
higher than 2 nM, the recovery for both Pb2þ and Cu2þ is below the
range of 80%e120%, indicating a potential application in real sam-
ple detection. Meanwhile, the concentration of 2 nM is far below
the safety limit of Pb2þ (70 nM) [44]. Consequently, the sensor
overall exhibits a good recovery characteristic in real sample
analysis. These results demonstrate that the present sensor with
ZIF-67/MWCNT/Nafion/GCE has a good feasibility for simulta-
neously detecting Pb2þ and Cu2þ in real samples.
orage at room temperature and (b) the specificity of ZIF-67/MWCNT/Nafion/GCE.



Table 1
Recovery measurements of Pb2þ and Cu2þ in domestic sewage and lake water samples using ZIF-67/MWCNT/Nafion/GCE.

sample Pb2þ Cu2þ

added(nM) found(nM) recovery(%) added(nM) found(nM) recovery(%)

domestic sewage 1.39 1.74 126 2.50 2.66 106
Yan 1.38 1.74 126 1.66 1.76 106
Lake 51.38 44.54 87 51.26 52.88 103

101.38 89.50 88 101.26 95.13 94
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4. Conclusions

In this study, an electrochemical sensor based on ZIF-67/
MWCNT/Nafion/GCE for simultaneous detection of Pb2þ and Cu2þ

was successfully prepared with different facile MLs. The fabricated
sensor exhibited an ultrasensitive characteristic in simultaneously
detecting Pb2þ and Cu2þ, which can be ascribed to the good Pb2þ

and Cu2þadsorption of ZIF-67 and Nafion, the catalytic activity of
ZIF-67, and good electronic transfer capability of MWCNT. In
addition, it showed a large linear range, ultra-low LOD, good
sensitivity, repeatability, reproducibility, anti-interference ability,
stability, specificity, and feasibility in real samples. Moreover, all
modified materials are easy to synthesize or undergo simple pre-
treatment, and different MLs’ fabrications were by facile physical
methods. All in all, these characteristics (such as good and stable
sensing performance and facile sensor fabrication) gave the sensor
a great potential to simultaneously detect Pb2þ and Cu2þ in real
environments.
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