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ABSTRACT

Hg?* pollution poses a major threat to human health and the ecological environment, but there is still a lack of di-
rect and sensitive Hg?* detection technology. In this study, Cu/CuQ/ZnO wires were prepared by alkaline oxidation and
hydrothermal methods. Polypyrrole (PPy) was covered on the surface of the material by electrochemical polymerization.
Using the principle of electrochemical signal response driven by p-n junction barrier, the material was used for the di-
rect electrochemical detection of Hg?* and was tested by differential pulse voltammetry. The composite has a good line-
ar relationship in the Hg?* concentration range of 200-1600 nmol/L, and has ultra-high sensitivity (1,010.82
pA-L/(nmol-cm?)) and ultra-low detection limit (2.1 pmol/L). The new sensing mode based on the interface barrier
eliminates the interference of other ions. The recovery rate of Hg?* in tap water, river water and sea water is 97.3%—
105.0%, and the RSD is 1.8%-5.6%. This method using p-n junction barrier can be extended to the development and
research of other sensors for detecting heavy metal ions.

Keywords: P-n Junction; Mercury lon; Interfacial Barrier; Electrochemical Detection; Metal Wire

ARTICLE INFO 1. Introduction

Mercury ion (Hg®") can seriously damage organs and nervous sys-
tem, leading to renal failure, cognitive and motor disorders, Minamata
disease, etc.'?. Hg?* pollutants are rich and highly toxic, and even low
concentrations of Hg** will cause significant harm to human health and
the ecological environment. The on-site quantitative detection method
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of Hg?* is a research hotspot in related fields!®.. There are a lot of inter-
fering ions in actual water samples. Therefore, developing a convenient,
fast and direct Hg®* detection technology for the detection of Hg?* in
actual complex water bodies has important theoretical and practical ap-
plication value.

At present, the detection methods of Hg?* mainly include atomic
absorption spectrometry, X-ray fluorescence spectrometry, inductively
coupled plasma mass spectrometry, etc.'®!. These methods have some
disadvantages, such as expensive equipment, complex operation and
unsuitable for on-site detection["®!, Electrochemical detection method is
widely used in the detection of metal ions because of its sensitive, fast
and simple characteristics. Anodic stripping voltammetry (ASV) is an
electrochemical analysis technology widely used in the detection of
heavy metals, but it is not suitable for on-site detection because it re-
quires a preconcentration step®®. At present, some electrochemical bio-
sensors based on DNA or enzyme have been used to detect Hg?**!, but
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strict operating conditions limit their application in
actual water environment detection!*!. In addition,
since electrochemical analysis methods are usual-
ly based on redox reactions, substances with redox
like properties will interfere with electrochemical
detection. Therefore, eliminating the interference
signal of such substances is also a challenge?.

The construction of semiconductor heterojunc-
tion shows unique advantages in different applica-
tion fields such as photocatalysis, biosensor, pho-
tochemistry and electrocatalysis!***"!. Among them,
p-n junction, which is composed of n-type and
p-type semiconductors, is an important semicon-
ductor heterojunction. The built-in electric field and
interface energy barrier of p-n junction have ad-
justable characteristics, which can have a great im-
pact on the movement of electrons™®. For example,
the p-n junction is constructed by two organic sem-
iconductors, perylene diimide derivative/poly (flu-
orene-co-phenylene), which promotes the genera-
tion and migration of electrons and holes, and
realizes the efficient reduction of CO,1**:: ZnO/BiOl
p-n junction can play a crucial role in improving the
electrochemical biosensor performance of glu-
cosel?”. P-n junction can effectively adjust the elec-
tronic properties of materials, and has broad appli-
cation prospects in the field of sensors.

CuO is a typical p-type semiconductor, which
is widely used in catalysis, charge storage and other
fields®?2, ZnO is a wide band gap n-type semi-
conductor, which is widely used in photoelectric
equipment, catalysis and other fields?*?!!, CuO and
ZnO can form typical p-n junctions with good con-
ductivity and large barrier adjustment range?>?%, In
addition, polypyrrole (PPy) as a conductive polymer,
its NH functional group has high affinity for Hg*",
and the lone pair electrons on nitrogen coordinate
with Hg?** to form a stable complex, so it can spe-
cifically adsorb Hg?*?7),

In this study, Cu/CuO/ZnO/PPy wires were
prepared and applied to the direct electrochemical
detection of Hg?*. PPy is used as the selective ad-
sorption membrane of Hg?* and the p-n barrier is
used as the driving factor to change the electro-
chemical response, eliminating the interference of
other ions. It has ultra-high sensitivity in the detec-

tion of Hg?" in actual water samples. The results of
this study show that using electrochemical inter-
face barrier effect to directly detect heavy metal
ions in the actual water environment is a method
with good development prospects.

2. Experimental part

2.1 Instruments and reagents

Carl Zeiss AG-ULTRA 55 scanning electron
microscope (Carl Zeiss AG, Germany); Ultima 1V
X-ray diffractometer (Nippon Science Co., Ltd.);
Nicolet iS10 spectrophotometer, Thermo ESCA-
LAB XI+ photoelectron spectrometer (Thermo
Fisher Scientific, USA); CHIi600E electrochemical
workstation (Shanghai Chenhua Instrument Co.,
Ltd.).

Zn(CHsC0O0);-2H,0 (Beijing Aladdin Hold-
ing Group Co., Ltd.); N, N-dimethylformamide
(DMF, Shanghai McLean Biochemical Co., Ltd.).
Other reagents were purchased from Sinopharm
Chemical Reagent Co., Ltd. Phosphate buffer is
prepared by mixing NaHPOs,-2H,O and
Na;HPO,-12H,0 in different proportions. All rea-
gents used in this study are of analytical grade and
do not need further purification. Copper wire (¢ =
0.5 mm, Dongguan Rongyue Metal Materials Co.,
Ltd.).

2.2 Preparation of Cu/CuO wire

Cu(OH), was synthesized by alkaline oxida-
tion. Soak the cleaned copper wire in the mixed so-
lution prepared with 1.413 g (N2H4)2S:0s, 5 @
NaOH and 50 mL deionized water for 5 minutes to
grow Cu(OH),. When the surface of the copper wire
turns light blue, blow the copper wire dry with ni-
trogen (N.). The copper wire grown with Cu(OH),
was placed in an oven and maintained at a constant
temperature for 3 hours at 180 °C. The surface of
Cu(OH), was observed to be blackened, which
proved that it had been converted to CuO.

2.3 Preparation of Cu/Cu0O/ZnO wire

Dissolve 0.3 g Zn(CH3;COQ),:2H,0 in 50 ml
DMF and sonicate for 10 min. Then, the prepared
Cu/CuO wire was added, and the solution was
heated to 95 °C. After hydrothermal reaction for 7
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hours, the color of the solution changed to white,
and the raw material changed from black to gray
white. The obtained gray Cu/CuQ/ZnO was washed
repeatedly with absolute ethanol and deionized wa-
ter, dried in an oven at 60 °C and stored for standby.

2.4 Preparation of Cu/CuO/ZnO/PPy wire

The electrochemical polymerization of pyrrole
monomer is to prepare 0.15 mol/L sodium do-
decylbenzene sulfonate (SDBS) electrolyte with
deionized water, and Electropolymer 0.1 mol/L
pyrrole monomer with chronopotentiometry and
three electrode system (Cu/CuO/ZnO wire as
working electrode, Pt wire and Ag/AgCl electrode
as counter electrode and reference electrode respec-
tively). The voltage range is controlled at —1-4 V,
and the current density of electropolymerization is 3
mA/cm? for 400 s. After deposition, wash the
working electrode with deionized water and dry it
in a vacuum oven at 60 °C for 6 hours.

2.5 Material characterization and electro-
chemical test

The size and microstructure of the prepared
samples were characterized by Carl Zeiss
AG-ULTRA 55 scanning electron microscope
(SEM). We used Ultima 1V X-ray diffractometer at
a scanning speed of 10°/min in the range of 26 =
5°-80°, then, we obtained the X-ray diffraction
(XRD) patterns of the samples. The samples were
analyzed by Fourier transform infrared spectrosco-
py (FT-IR) with Nicolet iS10 infrared spectrometer.
The samples were analyzed by X-ray photoelectron
spectroscopy (XPS) with Thermo ESCALAB XI+
photoelectron spectrometer. All electrochemical
tests were carried out using chi600e electrochemical
workstation and traditional three electrode system,
and the electrochemical experiments were carried
out in phosphate buffer solution (PBS).

3. Results and discussion
3.1 Characterization of Cu/CuO/ZnO/PPy
wire

The size and morphology of the prepared sam-

ples were characterized by scanning electron mi-
croscope. It can be seen that the surface of the oxi-

dized copper wire is uniform (Figure 1A), and the
needle like CuO nanowires grow uniformly on the
surface (Figure 1B). As shown in Figure 1C, the
height of CuO nanowires is about 3 um. The aver-
age diameter is about 80 nm. The distribution of
nanowires is relatively dispersed, which provides a
good anchor for ZnO growth. As can be seen from
Figures 1D and 1E, the diameter is about 1 um
ZnO microspheres are uniformly covered on the
surface of cu/cuo wire. High power scanning elec-
tron microscope images showed that CuO nan-
owires were inserted into ZnO microspheres to
form a ball club structure (Figure 1F), indicating a
strong p-n junction contact. After further modifica-
tion with PPy, the outline of the microspheres can
still be seen (Figure 1G), indicating that the PPy
film is thin and uniform. The modified PPy film
darkens the surface of the actual wire sample (Fig-
ure 1H). The prepared Cu/CuO/ZnO/PPy wire
can be divided into three layers (Figure 1I): the
inner Cu wire is used as the current transmission
channel, the middle barrier layer (CuO/ZnQ) is used
as the driving factor, and the outer PPy film is used
as the adsorption layer. The parsed structure is
shown in Figure 1J.

In the XRD spectrum (Figure 2A), a series of
peaks corresponding to Cu (JCPDS card No.
04-0836), ZnO crystalline phase (JCPDS card No.
36-1451) and CuO crystalline phase (JCPDS card
No. 48-1548) can be observed. Because CuO has
less components, its diffraction peak intensity is
weaker than that of ZnO. It can be seen from the
infrared spectrum (Figure 2B) that PPy exists in the
proof materials of the absorption peaks of 1,540 and
1,440 cm™* (C-C telescopic vibration), 1,169 cm™
(C-H deformation in the plane), 1,035 cm™* (N-H
deformation in the plane), 2,925 cm™ (C-H tele-
scopic vibration) and 890 cm™ (C-H deformation
out of the plane)?2%, At 3,500 and 1,640 cm *(The
absorption peak of & OH (vibration) indicates the
presence of adsorbed water®; the absorption peak
at 440 cm™* belongs to Zn-O bond®Y; the absorp-
tion peaks at 508 and 615 cm™ belong to the
Cu-O bond®2,
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Figure 1. Scanning electron microsopy (SEM) images of the surface of the prepared Cu/CuO wire (A—C), Cu/Cu0O/Zn0O wire (D-F)

and Cu/CuQ/ZnO/polypyrrole (PPy) wire (G); (H) photograph of the prepared Cu/CuO/ZnO/PPy wire; (1) schematic diagram of the
Cu/CuO/ZnO/PPy wire; (J) schematic diagram of the local specific structure.
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Figure 2. (A) X-ray diffraction (XRD) pattern of the Cu/CuO/ZnO wire; (B) fourier transform infrared (FTIR) spectrum of

Cu/Cu0O/ZnO/PPy wire.

The elemental composition and oxidation state
of Cu/CuO/zZnO wire were further characterized by
XPS. XPS analysis spectrum showed that there
were elements Cu, O and Zn in the material (Figure
3). The two signal peaks of Cu 2p*? and Cu 2p*2
are 933.6 and 953.4 eV respectively, and the energy
interval is 19.8 eV. The peaks of 941.4 and 961.5
eV are strong satellite peaks, indicating that the

component is Cuo, not Cu203, The O 1s spectrum
consists of the signal peak of lattice oxygen at 530
eV and the signal peak of oxygen vacancy at about
531 eVE3* In addition, the Zn 2p spectrum con-
sists of two kinds of orbitals of Zn?*, including Zn
2p*2 orbitals at 1021.8 eV and Zn 2p*? orbitals at
1044.8 eV,
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Figure 3. (A) XPS survey spectra of Cu/CuO/ZnO wire; (B) Cu 2p; (C) O 1s; (D) Zn 2p spectra.

3.2 Detection mechanism

The sensing mechanism of Cu/CuOQ/ZnO/PPy
wire is shown in Figure 4. There is an interface po-
tential barrier at the interface between p-type CuO
and n-type ZnO. Because the p-n junction barrier
hinders the transmission of electrons from ZnO to
CuO, the change of barrier height will affect the
electrochemical impedance, and then produce the
corresponding electrochemical response. When
Hg?* appears near Cu/CuO/ZnO/PPy wire, due to
the high affinity of NH functional group for Hg*
(Figure 4A), Hg*" coordinates with lone pair elec-
trons on nitrogen and forms a stable complex,
which is adsorbed on PPyE® The positively
charged PPy layer formed by adsorbing Hg*" ob-
tains electrons from ZnO, causing its conduc-
tion band to rise (Figure 4B). Since PPy cannot
contact CuO, its energy band remains unchanged.

The adsorption of Hg?* leads to the decrease of in-
terface barrier (from @& reach @’) (Figure 4C). The
decrease of electrochemical barrier will lead to the
decrease of electrochemical impedance and the in-
crease of current. The more Hg? adsorbed, the
smaller the potential barrier, and the greater the
current. Based on this, the direct detection of Hg*
can be realized. The above theory is verified by the
comparative experiment of differential pulse volt-
ammetry (DPV). As shown in Figure 5A, when 500
nmol/L Hg*" is added, the oxidation peak current of
Cu/CuO/ZnO/PPy wire is significantly increased by
about 112 pA. The current response produced by
Cu/CuO/PPy wire and Cu/CuO/PPy wire is very
low (Figures 5B and 5C). The above results show
that the interface effect of Cuo/Zno p-n junction is
the main reason for the electrochemical response.
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Figure 4. (A) schematic diagram of Cu/CuO/ZnO/PPy wire; (B) sectional view of 1/4 Cu/CuO/ZnO/PPy wire; (C) schematic diagram
of energy bands and interface barrier adjustment at the p-n junction interface.
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Figure 5. Differential pulse voltammetry (DPV) curves of Cu/CuO/ZnO/PPy wire (A), Cu/CuQ/PPy wire (B) and Cu/ZnO/PPy wire (C)

in the presence of 500 nmol/L Hg?*.
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Figure 6. Nyquist plots of Cu /CuO/ZnO/PPy wire in the pres-
ence of Hg?* in the frequency range from 0.01 Hz to 100 kHz.

The experimental results were verified by
electrochemical impedance spectroscopy (EIS). As
shown in Figure 6, the impedance of
Cu/Cu0/ZnO/PPy wire decreases with the increase
of Hg®* concentration. The results show that the
change of electrochemical response is due to the

impedance change of heterojunction induced by
Hg?".

3.3 Electrochemical detection of Hg?*

The sensing performance of Cu/CuO/ZnO/PPy
wire for Hg?* was further studied. As shown in
Figure 7A, in the range of 200-1600 nmol/L, the
DPV response current increases proportionally with
the increase of Hg** concentration. As shown in
Figure 7B, there is a good linear relationship be-
tween DPV signal and the logarithm of Hg®* con-
centration between 200-1600 nmol/L, and the line-
ar regression equation is Iyg(A) = 158.37 x IgC
(nmol/L) + 257.67 (R? = 0.98843). Detection limit
(LOD, 30) cab be low to 2.1 pmol/L. The sensitivi-
ty is 1010.82 pA-L/(nmol-cm?), higher than the re-
sults reported in the relevant literature (Table 1).
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Figure 7. (A) DPV curves of Cu/CuO/ZnO/PPy wire toward different concentrations of Hg?* in phosphate buffer solution (PBS, pH
=7.0); (B) Calibration curve of logarithm of Hg?* concentration with DPV current.

Table 1. Sensing performance of various materials to Hg?*

Electrodes Linear range (nmol /L) Detection limit Sensitivity (uA-L Ref
(nmol /L) /(nmol-cm?))

Gold-nanoparticle/graphene 0.0395-0.25 0.0299 0.0354 [37]
DNA and a molecular light switch 1-150 0.35 - [38]
Ce02-RGO/GCE 2-120 0.0218 0.1035 [39]
3D-rGO/PANI 0.01-100 0.035 0.07216 [40]
Cu/Co 250-2,500 80 0.375 [41]
PPy-RGO/GCE 0-100 12 0.124 [42]
ZE-2 500-3,500 1.28 - [43]
Ag/Au 0.03-1.5 0.0036 - [44]
CoSx/CdS 0.01-1,000 0.002 - [45]
LI-MS-G@ ITO 5-5,000 2 [46]
Cu/Cu0O/ZnO/PPy wire 200-1,600 0.0021 1,010.82 This work
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Figure 8. (A) Electrochemical current response of Cu/CuO/ZnO/PPy wire to 400 nmol/L Hg?* and other interfering ions; (B) response
to 200 nmol/L Hg?* for repeated 20 times through a continuous cycle of the Cu/CuO/ZnO/PPy wire; (C) storage stability of
Cu/CuO/ZnO/PPy wires evaluated by measuring the DPV response to 200 nmol/L Hg?* every two days for 21 days.

The selectivity of Cu/CuO/ZnO/PPy wire to
Hg?" was investigated by adding a variety of other
metal ions with the same concentration. It can be
seen from Figure 8A that when the concentration of
all metal ions is 400 nmol/L, the electrochemical
response of the composite to Hg®* is much greater
than that of other metal ions, indicating that it has

good anti-interference ability. Because polypyrrole
can selectively adsorb Hg*', it can change the level
of interface barrier, and then change the electro-
chemical response. Other ions are shielded by PPy,
which cannot change the height of the interface bar-
rier through physical effects, so it cannot change the
electrochemical response. Therefore, this sensing
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mechanism can distinguish target ions well and has
good selectivity. As shown in Figure 8B, 20 DPV
cycles were carried out after adding 200 nmol/L
Hg*", and the relative standard deviation (RSD) was
0.3%, indicating that Cu/CuOQ/ZnO/PPy wire had
good stability and reproducibility. The DPV re-
sponse current of 200 nmol/L Hg?* was measured
every two days for 21 consecutive days to investi-
gate its long-term stability. After the 21st day, it still
maintained 81% of the initial electrochemical re-
sponse strength (Figure 8C), indicating that
Cu/Cu0/ZnO/PPy wire has good long-term stabil-

ity.
3.4 Detection of Hg?* in actual water samples

This method is used to detect Hg?* in tap water,
river water and sea water to verify the practicability
of Cu/CuO/ZnO/PPy wire. As shown in Table 2, at
the addition levels of 100 and 500 nmol/l, the re-
covery of Hg?* is 97.3%-105.0%, and the RSD is
1.8%-5.6%. The results show that
Cu/Cu0O/ZnO/PPy wire has good practicability for
the detection of Hg®" in actual water samples.

Table 2. Detection of Hg?* in real water samples by the proposed
sensor

Sample  Added Found Recovery RSD (%, n
(nmol/L)  (nmol/L) (%) =3)
Tap water 100 103.6 103.6 5.6
500 486.3 97.3 5.4
River water 100 105.0 105.0 4.3
500 512.4 102.5 49
Sea water 100 97.5 97.5 2.8
500 510.5 102.1 1.8

4. Conclusion

Cu/CuO/ZnO/PPy wire was prepared and ap-
plied to the direct detection of Hg*" in actual water
samples. The p-n interface barrier is used as the
driving factor of electrochemical response. This
sensing method has high sensitivity (1,010.82
pA-L/(nmol-cm?), low LOD (2.1 pmol/L) and ex-
cellent selectivity. The recovery rate of Hg?* in ac-
tual water samples is 97.3%-105.0%, which has a
good application prospect. This method is simple,
fast and intuitive, and is suitable for the on-site de-
tection of Hg*. P-n junction barrier is expected
to be applied to other heavy metal detection sen-

SOrs.
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