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Abstract: In this paper, graphdiyne (GDY)—modified glassy carbon electrode was prepared and
further used for the sensitive and simultaneous detection of three target heavy metal ions of Zn?t,
Cd?* and Hg?* by codeposition with Bi>* in the mixture solution. GDY —modified electrodes exhibit
a larger electrode area and abundant active sites, which is favorable for absorbing more metal ions.
Bismuth has low toxicity and can form alloys with zinc, cadmium and mercury. Therefore, three
kinds of heavy metal ions can be pre-concentrated with bismuth on the GDY—modified electrode
surface, and the following stripping analysis results in high sensitivity and selectivity. By using
differential pulse anodic stripping voltammetry, the detection ranges of 7Zn%*, Cd?* and Hg2+ were
from 2.0 to 100.0 uM with low detection limits of 0.255 uM, 0.367 uM and 0.796 puM, respectively. In
addition, the sensor showed excellent repeatability, reproducibility, and stability, which was applied
to sensitive analysis of river water samples with satisfactory results.

Keywords: graphdiyne; bismuth; heavy metal ions; electrochemistry; differential pulse anodic
stripping Voltammetry

1. Introduction

Heavy metals pose a serious pollution threat to ecosystems and human health, which
can be gradually accumulated through the food chain to the human body and cause
serious poisoning [1]. For example, cadmium ion (Cd?*) and mercury ion (Hg?*) are
harmful environmental pollutants with high toxicity, which can pollute the drinking water,
accumulate in plant crops, and damage the human organs such as skin, bones, teeth, or the
nervous system [2]. Although zinc ion (Zn?*) plays a key role in the life system, excessive
Zn** amount can lead to impaired liver and kidney functions and immunity in the human
body [3]. Therefore, sensitive methods for the simultaneous detection and monitoring of
heavy metal ions are of great importance in different fields such as food and water safety,
human health, and so on [4,5].

At present, various detection methods have been established for the analysis of heavy
metal ions, including inductively coupled plasma mass spectrometry (ICP—MS) [6], atomic
absorption spectrometry (AAS) [7], X-ray fluorescence spectrometry (XRF) [8] and induc-
tively coupled plasma optical emission spectrometry (ICP—OES) [9]. These methods are
important and valid for the detection of heavy metals, which are costly and require pro-
fessionals to operate the equipment. Electrochemical methods have been widely used
for the monitoring of heavy metal ions with low cost, rapid—response, high sensitivity
and portability [10,11]. Moreover, the electrochemical instruments are inexpensive and
simple with different methods explored. Among them, differential pulse anodic stripping
voltammetry (DPASV) has gained much attention for its ability to significantly improve
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sensitivity due to the effective pre—deposition or pre—concentration step. DPASV is mainly
based on the following two—stage process: pre—concentration and dissolution steps. First,
the pre—concentration refers to heavy metal ions in the tested sample solution deposited on
the surface of the working electrode by reduction at a constant potential. Secondly, the dis-
solution step is to dissolve the formed heavy metal from surface of working electrode with
potential scan and record the current signal in the dissolution process [12]. For example, Ku-
mar et al. detected trace Pb%* and Cd?* simultaneously by DPASV at a quercetin—reduced
graphene oxide—modified electrode [13]. Shi et al. prepared a mercury film and reduced
graphene oxide composites—modified electrode for the simultaneous detection Cd?*, Pb?*
and Cu®* by DPASV [14]. Sherigara et al. fabricated mercury-film-modified carbon paste
electrode for the sensitive detection of low—concentration heavy metal ions [15].

In traditional DPASV experiments, mercury is often used as the film material for the
deposition of heavy metal ions, which are capable of forming alloys with heavy metals [14].
However, mercury is a liquid metal with strong toxicity and is difficult to handle. Therefore,
environmentally friendly mercury —free electrodes have been the research focuses for inves-
tigations. Recently the “green metal” bismuth (Bi) has been used as sensing materials due
to the property of bismuth to form “fused alloys” with heavy metals, which is analogous to
the amalgams that mercury forms. In addition, Bi provides several advantages of partial
insensitivity to dissolved oxygen, its ability to operate in high pH solutions, and the better
separation between peaks in stripping analysis, which have attracted the attentions of the
electroanalytical community [16]. Various bismuth-film-modified electrodes have been
designed to replace the mercury electrodes [17-19] and applied to the metal ion analysis.
For example, a disposable bismuth film electrode was prepared by the photolithographic
method for the determination of trace Pb?* and Cd?* with the detection limits of 0.5 ng/L
and 1.0 ug/L [20]. Finsgar et al. reported a bismuth-tin-film alloy-modified glassy carbon
electrode (GCE), which exhibited a better selectivity for Zn?*, Cd** and Pb?** determi-
nation with clearly separated stripping peaks when compared to the single metal film
electrode [21]. Thanh et al. prepared a bismuth—film electrode by simultaneously deposit-
ing bismuth and the target metal ions on GCE for determination of Zn?*, Cd?**, Pb** and
Cu?* in the aqueous solution [22].

Nowadays, carbon—based nanomaterials have been widely applied to electrochemi-
cal sensors, which exhibit the advantages such as large surface area and strong electron
transfer performance [23]. As a new carbon nanosheet, graphdiyne (GDY) has a flat net-
work structure that composed of sp? and sp hybridized carbon atoms [24]. The planar
structure allows GDY to have a high m—conjugation, possess the large specific surface area
with uniformly distributed pore structure, and tunable electronic structure properties [25].
Therefore, GDY —based composites have been used in the electrode modification, which
exhibit the promoted surface area and charge transfer rate. Yan et al. used GDY and ionic
liquid composite materials for the electrochemical reaction of rutin [26]. The acetyl—linked
group of m—electron—rich GDY can transport electrons along the GDY network and makes
the surface of GDY more electrically negative with more metal ions enriched on its sur-
face [27]. Therefore, GDY—based electrodes have been proved to enhance the analytical
performances of electrochemical sensors.

In this paper, GDY—modified GCE was prepared with the morphology and electro-
chemical performance characterized by SEM and cyclic voltammetry (CV). Furthermore,
GDY/GCE was applied to the simultaneous detection of three heavy metal ions (Zn?*,
Cd?* and Hg?*) by co-deposition with 0.1 mM Bi3* solution using the sensitive DPASV
method. The preparation procedure of Bi-GDY/GCE and electrochemical detection of
Zn%*,Cd?* and Hg?* were illustrated in Figure 1.
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Figure 1. The preparation procedure of Bi—-GDY/GCE and the application for simultaneous DPASV
detection of Zn?*, Cd** and Hg?* with co-deposition of Bi3*.

2. Experimental Section
2.1. Materials and Apparatus

Graphdiyne (GDY) powder was purchased from Nanjing XF Nano Material Tech-
nology Co. Ltd. (Nanjing, China), which was stacked of GDY flakes with the thickness
of 3-4 nm and lateral size of 40-100 nm. Bi(NOj3)3-5H,O was obtained from Tianjin
Yongda Chemical Reagent Co. Ltd. (Tianjin, China). Potassium ferricyanide (K3[Fe(CN)s]),
potassium ferrocyanide (K4Fe(CN)g), Zn(NO3),-6H,O, CdCl,, HgCl,, FeCls, FeCl,-4H,0,
MgCl,-6H,0, Co(NOs),-6H,0, and Ni(NO3),-6H,O were purchased from Shanghai Al-
addin Reagent Co. Ltd. (Shanghai, China). CuCly-2H;0, MnSO4 and KCl were provided
by Xilong Science Co. Ltd. (Guangzhou, China). Acetate buffer (HAc-NaAc, 0.1 M, pH 4.5)
was served as the supporting electrolyte. All the reagents used were analytically pure,
and the ultra—pure water with specific resistance of 18.2 M) cm (Milli—Q 1Q7000, Merck
Millipore, Darmstadt, Germany) was used throughout experiments.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
were performed using JSM—7100F field emission scanning electron microscope and
JEM —2010F transmission electron microscope (Japan Electronics Co. Ltd., Tokyo, Japan),
respectively. X-ray photoelectron spectroscopy (XPS) was performed on an ESCALAB
250Xi instrument (Thermo Fisher Scientific, Waltham, MA, USA) with an Al-K X-ray
source (hv = 1486.6 eV) and a pass energy of 30.0 eV. Raman spectrum was recorded by
the LabRAM HR system using 532 nm laser (Horiba, Japan). Cyclic voltammetry (CV) and
differential pulse anodic stripping voltammetry (DPASV) were measured on a CHI 1040C
electrochemical workstation with electrochemical impedance spectroscopy (EIS) on a CHI
660E electrochemical workstation (Shanghai Chenhua Instrument Company, Shanghai,
China) using a standard three—electrode system. A bare or modified GCE ($ = 3 mm),
Ag/AgCl (3 M KCl) electrode, and a platinum wire were adopted as the working electrode,
the reference electrode and the counter electrode, respectively.

2.2. Fabrication of GDY/GCE

The bare GCE was polished with 1.0 um, 0.3 um and 0.05 um Al,O3 powder suc-
cessively, ultrasonic washed with water and ethanol, and dried in a stream of N,. GDY
powder was dispersed in 1.0 mL water and sonicated for 30 min to obtain a homogeneous
1.0 mg/mL GDY suspension. Then, a certain volume of 1.0 mg/mL GDY suspension was
dripped on the newly treated GCE by several times, and then dried under infrared light to
prepare the GDY /GCE.

2.3. Electrochemical Procedure

The simultaneous analysis of Zn?*, Cd** and Hg?* was performed by co-depositing
bismuth ion, zinc ion, cadmium ion and mercury ion on GDY/GCE (named Bi-GDY/GCE)
and then stripping out. The three—electrode system was immersed into a 10.0 mL electro-
chemical cell containing appropriate amounts of Zn?*, Cd**, Hg?* and 0.1 mM Bi** with
0.1 M HAc-NaAc (pH 4.5) as the electrolyte. DPASV was performed at the deposition
potential of —1.5V for 150 s with stirring, then the stripping analysis was further recorded
in scanning potential range from —1.5 V to 0.6 V with the following parameters: pulse
amplitude of 50 mV, pulse width of 50 ms, potential step of 4 mV and pulse period of
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0.5 s. Prior to the next usage, the electrode was cleaned at the potential of 0.5 V for 200 s in
0.1 M HAc-NaAc (pH 4.5) to assure the completely elimination of the deposited Zn, Cd
and Hg. The above processes were carried out at room temperature during the electro-
chemical experiments.

3. Discussion
3.1. Characterization of GDY and Modified Electrodes

The morphology of GDY powder, GDY suspension, GDY/GCE and GDY/GCE
co-deposited with Bi3*, Zn?*, Cd?* and Hg?** were recorded (Figure 2). SEM image
of GDY power exhibited a large block, which indicated that flaky GDY are stacked to-
gether and not scattered. After ultrasonically dispersing GDY power into a suspension,
a two—dimensional layered structure could be observed in the TEM image (Figure 2B)
with a layer distance of 0.425 nm, which was in agreement with previous reports [28,29].
After being dropped on the GCE surface, the SEM of GDY /GCE (Figure 2C) showed some
granular structure with partly aggregation of GDY nanosheet, which was beneficial to
expose the active sites of GDY as well as provide excellent support for alloy nanoparticles.
After co-deposition of Bi%*, Zn%*, Cd%* and Hg2+ on the GDY/GCE surface, metal ions
were reduced and formed alloy together. As shown in Figure 2D, the diameters of alloy
microspheres were 112.5 &= 2.5 nm, which proved that target metal and Bi were successfully
formed on the modified electrode, and bismuth—based electrodes could be served as a
favorable replacement for mercury film electrodes.

Figure 2. SEM of (A) GDY power, (C) GDY/GCE, (D) GDY/GCE enriched with Bi**, Zn?*, Cd** and
Hg2+ (inset was size distribution histogram), and (B) TEM of GDY suspension.

XPS survey spectrum of GDY was recorded (Figure 3A), which verified that only
carbon and oxygen elements appeared. The O 1s peak located at 531.6 eV could be attributed
to the absorption of oxygen and slightly oxidization of terminal alkenyl group of GDY.
The high-resolution asymmetric C 1s spectrum (Figure 3B) could be deconvoluted into
four sub-peaks, including the sp? (C=C in benzene rings) at 284.4 eV, sp (C=C) at 285.0 eV,
C-0 at 286.4 eV and C=0 at 288.2 eV, respectively. The binding energy of these sub-peaks
are consistent with the reported results [30]. In addition, the largest peak area of C=C
indicated that GDY contained a large number of acetylenic bonds, which might provide
more active sites for preconcentration of heavy metal ions.
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Figure 3. (A) XPS survey spectrum and (B) high-—resolution C 1s spectrum of GDY, (C) Raman
spectrum of GDY.

Raman spectroscopy is also a powerful tool to characterize carbon materials. Figure 3C
showed the typical Raman spectrum of GDY with two main peaks at 1354.7 cm~! (D-band)
and 1580.6 cm~! (G-band), which were consistent with the previous literature [31]. The
D-band and G-band correspond to the breathing vibration of benzene rings and the first-
order scattering of the E; mode for in-phase stretching vibration of the sp’® carbon lattice
in aromatic rings, respectively.

3.2. Electrochemical Characterizations

The bare GCE and GDY/GCE were characterized electrochemically using CV tech-
niques in 1.0 mM [Fe(CN)g]?~/4~ solution containing 1.0 M KCl (Figure 4A). The results
indicated that an enhanced peak current of 20.74% appeared on GDY/GCE, which could
be attributed to the increase in the electroactive surface area with the acceleration of the
electron transfer rate.
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Figure 4. CV curves of (A) GCE and GDY/GCE at the scan rate of 0.1 V/s, (B) GDY/GCE at different
scan rate (inset the linear relationship of Ip, versus square root of scan rate) in 1.0 mM [Fe(CN)g]P /4~
solution containing 1.0 M KCl, (C) Nyquist plots of GCE and GDY/GCE in 5.0 mM [Fe(CN)g]P~/4~
solution containing 0.1 M KCl in the frequency range from 10 kHz to 0.1 Hz with the amplitude
of 0.005 V and the potential of 0.3 V. Inset shows the Randle equivalent circuit that consists of
the electrolyte resistance (Rg), charge transfer resistance (R¢t) and double layer capacitance (Cy),
(D) Multi—scan CV curves of GDY/GCE in 1.0 mM [Fe(CN)g |3~ /4~ containing 1.0 M KCl solution at
the scan rate of 0.1 V/s.

In order to further calculate the electroactive surface area (A) of different electrodes,
the CV curves at different scan rates were recorded (Figure 4B). It could be seen that the
redox peak current increased linearly with the square root of the scan rate. According to
Randles—Sevcik equation [32]:

Ipa = 2.69 x 10° n3/2 ACD/? v1/2 1)
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where I, is the anodic peak current (uA), 1 is the number of electrons transferred (n =1 in
the [Fe(CN)g]>~/4~ redox system), A is electroactive surface area (cm?), C is concentration
of [Fe(CN)s]>~/%~ (1.0 x 107® mol/cm?), v is the scan rate (V/s) and D is the diffusion
coefficient of [Fe(CN)g]? /4~ (6.7 x 10~¢ cm?/s). Thus, from the slope of the Ip, vs. v1/2
the electroactive surface area (A) was recorded as 0.0527 cm? for GDY/GCE, which was
bigger than that of 0.0435 cm? for bare GCE. Therefore, the presence of GDY on GCE can
increase the electroactive surface area, and provide more active sites for the following
enrichment of heavy metal ions [33].

EIS is a commonly used method for characterizing the charge transfer reaction and
the interfacial properties of modified electrodes. By using [Fe(CN)g]>~/4~ redox couple as
a probe, the conductive behavior of the GDY—modified electrode surface and the kinetic
barrier of the electrode/solution interface were investigated with the curves shown in
Figure 4C. The values of charge transfer resistance (R.) fitted by Randle equivalent circuit
for GCE and GDY/GCE are 339 () and 258 (), respectively. The decrease in the R value
indicated the presence of GDY on GCE surface could reduce the interface resistance due
to the high conductivity and fast electron transfer efficiency of GDY. Subsequently, the
long—term stability of GDY/GCE was investigated by the multi—scan CV in 1.0 mM
[Fe(CN)¢]>~/4 and 1.0 M KCI mixture solution with a scan rate of 0.1 V/s. As shown in
Figure 4D, the redox peak currents remained 96.89% of the original current after 100 circles
CV scan, which also indicated that the GDY/GCE had good stability.

3.3. Electrochemical Behaviors of Zn>*, Cd** and Hg>*

Figure 5 showed the DPASV curves of 100.0 uM Zn?*, Cd?* and Hg?" on differ-
ent modified electrodes with the current values listed in Table 1. As for the bare GCE
(Figure 5A), three small stripping peaks appeared at —1.16 V, —0.71 V and 0.32 V, which
could be ascribed to the responses of Zn?*, Cd** and Hg?*. In the DPASV process, metal
ions are reduced and preconcentrated on the electrode surface to form metal, which are
reoxidized to metal ions at the following stripping procedure. After GDY was modified on
GCE (Figure 5A), both the stripping currents of Zn?*, Cd?* and Hg?" increased, proving
the positive effect of GDY on metal ions accumulation including large electroactive surface
area and reactive sites. However, the increase ratios are different, indicating that molecular
GDY has different effects on different ions. GDY has sp—hybrid carbon and acetylenic
bond in its structure, which can provide electrons to bind with heavy metal ions [27]. As
for the Bi-GCE (Figure 5B), the stripping currents of Zn** and Cd?* were about 2.64 times
and 1.58 times that of bare GCE, proving the coexistence of Bi** was benefit for the Zn?*
and Cd?* analysis due to the formation of alloys. The stripping current of Hg?* changed
less, which may be due to the stripping of metal Bi before Hg, and the current was similar
to that of GCE without the presence of Bi. The DPASV curves recorded on Bi-GDY/GCE
exhibited a well-defined, high, and undistorted stripping peaks for Zn?*, Cd?* and Hg?*
with peak potentials located at —1.06, —0.66 and 0.24 V, which were consistent with those
in the literature [11,34]. In addition, the stripping currents of Zn?*, Cd?** and Hg?* on
Bi-GCY /GCE were 4.29 times, 2.55 times and 7.85 times of bare GCE (Table 1). All the re-
sults demonstrated that the synergistic positive effects of GDY and Bi in the electrochemical
analysis of metal ions, including the large electrode interface and the formation of alloys of
Bi with other metals.

In detail, GDY can provide a larger electroactive surface area and more active sites
for the interaction with metal ions [27]. Bi can form alloys with zinc, cadmium and
mercury, and further enhance the stripping signals of Zn?*, Cd** and Hg?" [35]. Therefore,
compared with other modified electrodes and sensing strategies, the using of GDY/GCE
and Bi®* solution in the electrochemical procedure exhibit higher sensitivity and better
detection performance.
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Figure 5. DPASV curves of (A) GCE and GDY/GCE in 100.0 uM Zn?*, Cd?*, Hg?* without Bi** and
(B) GCE and GDY/GCE in 100.0 uM Zn?*, Cd**, Hg?* solution containing 0.1 mM Bi3*.

Table 1. The stripping currents of Zn?*, Cd?**, and Hg?* on different working electrodes.

Stripping Currents (1A)

Electrodes Zn2* cdz+ Hg2+
GCE 28.25 52.58 14.61
GDY/GCE 46.72 58.25 31.82
Bi-GCE 74.46 83.32 14.98
Bi-GDY/GCE 121.2 133.9 114.7

3.4. Optimization of Experimental Conditions

To obtain the optimum working conditions for the quantitative analysis of Zn2",
Cd?* and Hg?*, various parameters such as GDY suspension volume, buffer system,
buffer pH, Bi3* concentration, deposition potential and time were optimized to obtain the
largest responses.

The influence of the amount of 1.0 mg/mL GDY suspension was firstly investigated
and the experimental results were shown in Figure 6A. The stripping currents of Zn?*, Cd**
and Hg?" were obviously dependent on the amount of GDY suspension modified on the
electrode surface, which increased gradually with the amount from 4 pL to 16 pL and then
decreased. This phenomenon suggests that the thick mass of GDY film have great effect on
the adsorption of heavy metal ions. Therefore, the optimal GDY (1.0 mg/mL) modification
volume on the electrode surface was chosen as 16 pL in this paper.
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Figure 6. The effect of (A) different volumes of 1.0 mg/mL GDY suspension, (B) the types of 0.1 M
supporting electrolytes (HAc-NaAc, Tris-HCl, BR), (C) pH of HAc-NaAc, (D) the concentration of
Bi®*, (E) deposition potentials and (F) deposition time on the stripping currents of Zn?*, Cd?*, and
Hg?* (n = 3). The orange area is the selected experimental condition.

The effects of different buffer systems such as HAc-NaAc, Tris-HCI and BR on the
stripping currents of target heavy metal ions were further investigated with results shown
in Figure 6B. It can be seen that all the DPASV signals reached the maximum responses
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in HAc—NaAc buffer, so 0.1 M HAc-NaAc buffer solution was selected as the best buffer
system for the sensor operation.

The optimal pH of HAc-NaAc buffer solution was further optimized and the peak
currents of target heavy metal ions in the pH range of 3.0-6.0 were investigated with the
results shown in Figure 6C. When the pH was fixed at 4.0, the stripping signals of Cd**
and Zn?* were larger, but the Hg?* dissolution signal was weak. When the pH was 4.5, the
stripping signals of Cd?* and Zn?* were decreased a little but the stripping peak current of
Hg?* reached the maximum. When the pH was higher than 4.5, Bi>* was very easy to form
hydroxide complexes and interfered with the experimental results. Therefore, HAc-NaAc
at pH 4.5 was used as the best buffer pH for the following experiments.

The Bi** concentration plays an important role in the preconcentrated process of
heavy metals ions, which was further optimized with curves shown in Figure 6D. The
peak currents of three metals increased with the increasing Bi*>* concentration, which
could be explained by the increase in alloy amount formed with Bi** from 0.02 mM to
0.1 mM. When Bi3* concentration was higher than 0.10 mM, no obvious change in the peak
current was observed, so 0.10 mM Bi** was chosen as the optimal concentration for the
subsequent assay.

The deposition potential was an important factor that affects the analytical sensitivity
and detection performance of DPASV, which was optimized with the experimental results
shown in Figure 6E. In the potential range of —1.7 to —0.9 V, the stripping peak currents
of Zn?*, Cd?** and Hg?* showed the biggest response at —1.5 V. When the deposition
potential was in the range of —1.7 to —1.5 V, hydrogen evolution at the electrode surface
was easily occurred, which would perhaps decrease the deposition efficiency and hence
reduce the stripping signal. Therefore, the optimum deposition potential was set as —1.5V
in this experiment.

The effect of deposition time on the electrochemical signals of three target heavy metal
ions was further investigated with the results shown in Figure 6F. In the time from 50 s to
150 s, the peak currents of Zn, Cd and Hg increased gradually, suggesting more and more
heavy metal deposited on the electrode surface with increasing deposition time. When the
time was longer than 150 s, the peak current of Hg?" began to decrease, and the slope of
the peak current curves of Zn?* and Cd?* began to level off. The reason may be due to the
saturation of the available electrode surface for Zn, Cd and Hg deposition. In view both of
sensitivity and determination efficiency, 150 s was selected as the deposition time for the
subsequent experiment.

3.5. Electroanalysis Performance

Under the optimized conditions, the DPASV curves for simultaneously detecting
different concentrations of Zn?*, Cd?>* and Hg?* were investigated under the optimal
experimental conditions with the results shown in Figure 7. It can be seen that the peak
currents (Ip) increased linearly with the concentrations in the range from 2.0 uM to 100.0 uM
with the linear regression equations plotted as follows.

Zn%*: Ip (LA) = 61.272 logC (M) + 365.572 (v = 0.999) (Figure 6B);

Cd?*: I, (1A) = 64.842 logC (M) + 390.212 (y = 0.997) (Figure 6B);

Hg?*: I, (A) = 51.503 logC (M) + 291.295 (v = 0.990) (Figure 6D).

Based on the signal —to—noise ratio (S/N = 3), the detection limits of Zn?*, Cd** and
ng‘r were calculated to be 0.255 pM, 0.367 uM and 0.796 uM, respectively. Moreover, the
detection performance of the proposed sensor was compared with previously reported
and the results were listed in Table 2. It could be found that sensing strategy in this work
offered relative lower detection limits or wider detection ranges for three metal ions.
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8.0, 10.0, 20.0, 40.0, 60.0, 80.0, 100.0 uM); the linear plots of I, versus the logarithm of concentration
(B) Zn?* and Cd?*, and (D) Hg?*.

Table 2. Comparison of different modified electrodes for determination of Zn%*, Cd?** and Hg2+.

Electrode Method Target Metal Ions Linear Range (uM) LOD (uM) Reference
NiMnyO4 —graphene/GCE SWASV Hg2+ 0.7-6.7 0.027 [36]
Zn% 6.3-15.6 2.094
BRMCPE SWASV cdzr 3.6-9.0 1.39 371
. Zn% 10.8-21.6 0.597
BiCuFE SWASV cazt 14-13.8 0.083 [38]
Cd* 0.6-30 0.08
SBA—15/IL/CPE DPASV Hg?* 0.08-50 0.01 [39]
PVP@AgNPs/GCE DPASV Hg?* 5-70 0.073 [40]
Zn% 0.255
Bi-GDY/GCE DPASV Cd? 2.0-100 0.367 This work
Hg?* 0.796

Notes: BRMCPE—black rice modified carbon paste electrode; BiCuFEs—bismuth-copper-film electrodes;
SBA-15—mesoporous silica; IL—ionic liquid; CPE—carbon paste electrode, PVP—polyvinylpyrolidone;
AgNPs—silver nanoparticles.

3.6. Selectivity, Repeatability, and Stability Study

Various interfering ions (Mn2+, Mg2+, Fe?*, Co%*, Fe3*, Ni%*, K*) with 10—fold concen-
trations were added to HAc-NaAc containing 100.0 uM Zn?*, Cd?* and Hg?* to investigate
the selectivity of Bi-GDY/GCE. As shown in Figure 8A, these interfering metal ions had
little effects on the detection signal with the relative error less than 2.87%. Therefore,
the proposed method has excellent selectivity for the detection of Zn?*, Cd?* and Hg?*,
which is due to the fact that the presence of GDY on the electrode with alkynyl group and
electron rich sp—hybrid carbon can easily chelate with Cd?* and Zn?* [27], and the in situ
codeposition of Bi can form alloy with three metal ions [41].
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Figure 8. (A) The stripping peak currents of 100.0 uM Zn?*, Cd**, Hg?* on Bi-GDY/GCE with
10—fold interfering ions (n = 3), the size of dots represents the peak current deviations (inset the
overlay of corresponding DPASV curves), (B) Histogram of the peak currents of 100.0 uM Zn?*, Cd?*,
Hg?* and 0.1 mM Bi3* for six consecutive days.

The repeatability of the electrochemical sensor was further investigated. A GDY/GCE
was used to successively measure in 100.0 uM Zn?*, Cd?** and Hg?* solution containing
0.1 mM Bi®* for six times (the electrode was electrochemically cleaned in the same solution
after each measurement), and the relative standard deviations (RSDs) were 2.24% for zinc
ion, 1.33% for cadmium ion and 3.12% for mercury ion, respectively. To check the stability
of the sensor, GDY /GCE was stored in a refrigerator and tested for 100.0 pM Zn%t, Cd?+
and Hg?* for six consecutive days with the results shown in Figure 8B. The RSDs were less
than 5.5%, indicating that the sensor had good stability.

3.7. Analytical Applications

River water sample was collected from Meishe River in Haikou city of Hainan province,
which was filtered by 0.22 pm syringe filter and diluted 10 times with 0.1 M HAc-NaAc
(pH 4.5). Then the contents of Zn?*, Cd?* and Hg?* were determined on Bi-GDY/GCE by
the standard calibration curve, and the recovery was checked by spiking standard solution
into the real water sample solution. As shown in Table 3, the concentrations of Zn?* and
Cd?* in river samples were calculated as 1.566 uM and 1.012 uM, and the recoveries were
93.36-102.7%, 98.08-105.2% and 95.37-102.4%, respectively. The results indicate that this
electrochemical sensor can be effectively applied to the detection of Zn?*, Cd** and Hg?*
in real river water sample.

Table 3. Analytical results of real river water samples using this method (n = 3).

Sample Metal Ions Added (uM) Found (uM) Recovery (%)
0 1.566 —
10.00 11.27 97.04
Zn2+
60.00 63.16 102.7
100.0 95.19 93.36
0 1.012 -
River water Cz+ 10.00 10.82 98.08
60.00 64.16 105.2
100.0 101.8 100.8
0 NF —
Ho2* 10.00 10.24 102.4
& 60.00 58.18 96.97
100.0 95.37 95.37

Note: NF: not found.
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4. Conclusions

In this paper, an electrochemical procedure based on GDY—modified GCE was con-
structed for the quantitative analysis of Zn?*, Cd** and Hg?* with the co-deposition of
Bi®* in the test solution. Zn?*, Cd?* and Hg?* can be simultaneously determined in the
concentration range from 2.0 to 100.0 M with the detection limits of Zn?* (0.255 uM), Cd?*
(0.367 uM) and Hg2+ (0.796 uM), respectively. In addition, the sensor was applied to detect
Zn?*, Cd?* and Hg?* concentration in real river water samples. By combining novel carbon
nanomaterial GDY as the modifier on the working electrode with the Bi®* co-deposition
in the solution, the target ions can be easily detected with the analytical performances
improved by using the DAPSV method. The synergistic effects of GDY and Bi-alloy with
the pre—concentration procedure allows the higher sensitivity for the target heavy metal
ions with wider linear range and lower detection limit, which extends the application of
GDY-—modified electrode for metal analysis. In addition, the electrochemical sensor for
heavy metal ions designed in this experiment provides certain application prospects.
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