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Heavy metals, notably Pb2+ and Cu2+, are some of the most persistent contaminants found in groundwa-
ter. Frequent monitoring of these metals, which relies on efficient, sensitive, cost-effective, and reliable
methods, is a necessity. We present a nanocomposite-based miniaturized electrode for the concurrent
measurement of Pb2+ and Cu2+ by exploiting the electroanalytical technique of square wave voltammetry.
We also propose a facile in situ hydrothermal calcination method to directly grow binder-free meso-
porous NiO on a three-dimensional nickel foam, which is then electrochemically seeded with gold
nanoparticles (AuNPs). The meticulous design of a low-barrier Ohmic contact between mesoporous
NiO and AuNPs facilitates target-mediated nanochannel-confined electron transfer within mesoporous
NiO. As a result, the heavy metals Pb2+ (0.020 mg�L�1 detection limit; 2.0–16.0 mg�L�1 detection range)
and Cu2+ (0.013 mg�L�1 detection limit; 0.4–12.8 mg�L�1 detection range) can be detected simultaneously
with high precision. Furthermore, other heavy metal ions and common interfering ions found in ground-
water showed negligible impacts on the electrode’s performance, and the recovery rate of groundwater
samples varied between 96.3% ± 2.1% and 109.4% ± 0.6%. The compactness, flexible shape, low power con-
sumption, and ability to remotely operate our electrode pave the way for onsite detection of heavy metals
in groundwater, thereby demonstrating the potential to revolutionize the field of environmental
monitoring.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Heavy metal pollution, such as Pb2+ and Cu2+, arises from large-
scale mining activities, manufacturing industries, unregulated dis-
charge of industrial wastes, misuse of underground water, and
exhaustion of the groundwater level. Such pollution results in con-
siderable damage to the groundwater environment [1]. High con-
centrations of heavy metal ions in groundwater pose a health
hazard to millions of people worldwide, with particularly signifi-
cant impacts on vulnerable communities in developing regions
where groundwater is used as the main source of drinking water.
The diversity and complexity of groundwater matrices, mainly
caused by human activities such as industrial production, agricul-
tural planting, seawater intrusion, oil spills, and so forth, make it
difficult to detect heavy metals in groundwater sources [2]. Various
instrumental analytical techniques for heavy metals have been
reported, including atomic adsorption spectrometry (AAS) [3,4],
inductively coupled plasma-atomic emission spectrometry (ICP-
AES) [5,6], and inductively coupled plasma-mass spectrometry
(ICP-MS) [7,8]. However, such techniques are relatively complex,
relying on sophisticated instruments and professional operators,
which restricts their range of applications. Hence, the development
of efficient, sensitive, cost-effective, and reliable detection methods
y Metal
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with the potential for onsite monitoring of groundwater is in high
demand, yet at the same time, poses a considerable challenge.

Recently, huge strides have been made in the adaptation of var-
ious optical and electrical sensor designs for the measurement of a
range of heavy metals, including colorimetric [9], fluorescent [10],
field-effect transistor-based [11], and electrochemical types [12].
Owing to their merits, including easy operation, fast response,
low cost, and high sensitivity, sensors serve as a prominent alter-
native to the traditional instrument-based analytical techniques.
Moreover, electrochemical sensors employing electroanalytical
techniques possess inherent advantages, such as their robustness
and resilience to sample turbidity [13]. Very recently, an increasing
number of novel nanomaterials have emerged following the explo-
sive advancement of materials science and synthetic characteriza-
tion tools. Nanomaterial-based sensing devices for heavy metals
exhibit the advantages of easy miniaturization and excellent detec-
tion performance, displaying the potential to revolutionize multi-
ple fields of medical diagnostics, food safety, and environmental
monitoring. Among them, two-dimensional (2D) nanosheet-
layered materials with atomic-level thickness (generally < 5 nm),
such as graphene, hexagonal boron nitride, metal (hydrogen)
oxide, and transition metal dichalcogenides, are highly favored
by researchers in the field of sensing owing to their attractive
physical, chemical, optical, and electrical properties [14]. Among
the multitude of different types of 2D nanosheets, 2D metal oxide
nanosheets have attracted the most attention due to their excellent
crystallinity, more suitable Debye length, high specific surface area,
and electron steric-limited domain effect [15]. A 2D nickel-oxide
(NiO) nanosheet is a P-type semiconductor that features an octahe-
dral crystal structure and a bandgap of 3.6–4.2 eV [16]. The redox
electron transfer between Ni2+ and Ni3+ on the octahedral structure
gives NiO superior electrocatalytic properties compared with other
metal oxides [17]. Its isoelectric point ranges from approximately
11 to 12, which is higher than that of other 2D sheet oxides (e.g.,
ZnO, ZrO2, TiO2) [18]. However, the practical use of this material
is severely limited by its deficient carrier transport efficiency, thus
resulting in low conductivity properties and low detection sensi-
tivity [19].

Realizing a 2D NiO nanosheet with a uniform mesoporous
structure is an effective way to obtain a higher specific surface area
and more favorable electrical conductivity while further elevating
the electrochemical and morphological advantages of 2D metal
oxide nanosheets. As a result, the 2D mesoporous NiO nanosheet
successfully serves as an electrode material in the field of energy
storage, such as supercapacitors and Li-ion batteries, with a signif-
icantly increased specific surface area, electrochemical active sites,
and bipolar plate effect [20,21]. However, using a 2D mesoporous
NiO nanosheet as an electrochemical sensing material is impracti-
cal due to difficulties in material handling and deployment. For
example, 2D mesoporous oxide nanosheets generally need to be
mixed with auxiliary materials (e.g., binder) and then coated and
dried on the electrode substrate after synthesis, which significantly
affects the electrode conductivity [22]. Moreover, the use of surfac-
tants or structure-directing agents usually results in the aggrega-
tion of nanosheets or the formation of flower-like microspheres,
lowering the specific surface area and reducing the active sites of
the electrode [23]. Alternatively, a binder-free in situ fabrication
method that presynthesizes the precursor structures on the elec-
trode substrate for the following derived 2D nanosheet structures
has been proposed [24]. However, this method requires the addi-
tion of chemical reagents for precursor synthesis, which can lead
to unstable contact with the electrode substrate. Although forming
uniformly distributed mesoporous structures on 2D oxide
nanosheets improves their physical and chemical properties, thus
enhancing the electron transport properties to an extent, nonethe-
less the intrinsically poor electrical conductivity of the oxide
2

materials themselves drastically limits their applications for the
construction of impedance-based or current-based electrochemical
sensors [25].

To address these bottlenecks, nanostructured noble metals such
as gold nanoparticles (AuNPs), which possess a work function
greater than the combined total of the electron affinity energy of
NiO and the bandgap energy, are able to provide lattices similar
to those of electroactive NiO to generate epitaxial interfaces, thus
forming a low-barrier Ohmic contact and small Schottky barrier
[21]. Inspired by these phenomena, we demonstrate a miniaturized
sensing electrode based on an AuNP-electrodeposited mesoporous
NiO/nickel foam to simultaneously detect Pb2+ and Cu2+. In this
platform, a facile in situ hydrothermal calcination method was
used to directly grow binder-free mesoporous NiO on nickel foam
with no addition of chemical reagents. Moreover, we creatively
seeded the electrode with AuNPs using an electrodeposition reac-
tion, overcoming the problem of the properties of low conductivity
and low detection sensitivity of the NiO electrode via a low-
resistive metal/semiconductor Ohmic contact. In addition to low
cost and simple operation (no need for pretreatment), this elec-
trode is optimized to measure Pb2+ and Cu2+ in diverse groundwa-
ter matrices with low detection limits of 0.020 mg�L�1 for Pb2+ and
0.013 mg�L�1 for Cu2+, respectively.
2. Materials and methods

2.1. Materials and reagents

Standard solutions of Pb2+, Cu2+, and other interfering ions (K+,
Mg2+, Na+, Ca2+, SO4

2�, Cl�, CO3
2�, NO3

�, Cr6+, Ag+, Hg+, and Cd2+)
were purchased from Aladdin Bio-Chem Technology Co., Ltd.
(China). Hydrochloric acid (HCl 36%), concentrated sulfuric acid
(H2SO4 98%), and gold chloride (HAuCl4) were acquired from
Sigma-Aldrich Co., Ltd. (China). Polyvinyl pyrrolidone (PVP)-K30
and electrolyte series (HAC, NaAC, K3[Fe(CN)6], and K4[Fe(CN)6]�
3H2O) were purchased from Sinopharm Chemical Reagent Beijing
Co., Ltd. (China). Phosphate buffer solution (PBS, 0.1 mol�L�1, pH
7) was prepared by mixing stock solutions of 0.1 mol�L�1

Na2HPO4�12H2O and 0.1 mol�L�1 NaH2PO4�2H2O [V(Na2HPO4�
12H2O):V(NaH2PO4�2H2O) = 81:19]. All reagents were of analytical
grade and prepared using ultrapure water (Milli-Q; Millipore, USA;
18.2 MX�cm�1) without further purification.

Nickel foam (1.5 mm thickness, 110 pores per inch pore density
and 380 g�m�2 areal density) was purchased from Taiyuan Liyuan
Lithium Battery Technology Center, China.
2.2. Instruments

X-ray diffraction (XRD) was carried out using a Rigaku D/Max-
2400 X-ray diffractometer with the parameter settings of 40 kV
tube voltage, 60 mA tube current, and 5�–110� scan angle range.
The obtained elemental peak correlation data were compared to
the diffractive matter standard comparison card (Joint Committee
on Powder Diffraction Standards (JCPDS)).

X-ray photoelectron spectroscopy (XPS) was performed using a
Thermo Scientific Escalab 250Xi analyzer (USA) with an X-ray spot
wavelength parameter of 500 lm. All XPS spectra were calibrated
by the C 1s line at 284.8 eV.

Field emission scanning electron microscopy (SEM) was carried
out using a ZEISS GEMINISEM 550 (Germany) scanning electron
microscope with the Inlens imaging mode, an accelerating voltage
of 15 kV, and a vacuum level of 1 � 10�7 Pa.

Energy dispersive X-ray spectrometry (EDS) was performed
using a ZEISS GEMINISEM 550 X-ray energy spectrum analyzer
(model INCA ENERGY; Oxford Instruments, UK).
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Field emission transmission electron microscopy (TEM), high-
resolution TEM (HRTEM), and selected area electron diffraction
(SAED) were performed using an FEI Tecnai G2 F20 (USA) field-
emission transmission electron microscope. The accelerating volt-
age was set to 200 kV and the filament voltage was set to 3.7 kV.
High-resolution lattice size measurements were performed using
Gatan digitalmicrograph software (version 2.3). To facilitate obser-
vation, a small portion of the AuNPs/mesoporous NiO/nickel foam
nanocomposite was dispersed in an appropriate amount of anhy-
drous ethanol for sonication to remove the nanostructured
AuNPs/mesoporous NiO composite or mesoporous NiO nanosheets
from the nickel foam. Then, the ultrasonically-treated anhydrous
ethanol solution was dropped on the silicon wafer and placed on
the carbon film for testing.

N2 absorption–desorption isotherm data were collected using a
MicrotracBEL BELSORP-Max instrument (Japan), and a Barrett–
Joyner–Halenda (BJH) model was used to simulate the pore size
distribution.

Inductively coupled plasma-optical emission spectrometry
(ICP-OES) was performed using a Thermo Scientific SOE-129
spectrometer.

2.3. Preparation of the nanocomposite-based miniaturized electrode

Considering the improved performance of a binder-free elec-
trode in sensing and energy storage [22,26], we have demonstrated
a facile in situ hydrothermal calcination method to form binder-
free mesoporous NiO directly on nickel foam, followed by electro-
chemical deposition of AuNPs on the mesoporous NiO/nickel foam
composite (Fig. 1). More specifically, the in situ hydrothermal cal-
cination method included the direct growth of mesoporous
nanosheets on nickel foam through the in situ oxidation of nickel
foam to synthesize Ni(OH)2 nanosheets in ultrapure water (with-
out nickel and other additives) under hydrothermal conditions.
Then, high-temperature calcination converted the Ni(OH)2 flakes
into mesoporous NiO nanosheets.

First, to directly grow b-Ni(OH)2 nanosheets on nickel foam
(Fig. 1, step I), a simple and convenient in situ hydrothermal reac-
tion method, that is, in situ oxidation of nickel to produce Ni(OH)2
nanosheets in ultrapure water (without nickel and other additives),
was proposed, similar to our previous research [26]. Briefly, the
nickel foam was cut into 3.5 cm � 1.5 cm pieces, thoroughly son-
icated in 20% HCl for 10 min, and then let stand for 2 h to remove
the surface oxide impurity layer. Then, the nickel foam was rinsed
in anhydrous ethanol and ultrapure water with ultrasonication to
remove the adsorbed HCl. Finally, the nickel foam was dried under
constant temperature in an oven maintained at 70 �C for 2 h and
then stored in a room temperature environment. Next, a portion
of the nickel foam was submerged into the inner chamber of a
Teflon stainless steel hydrothermal autoclave (50 mL) containing
75% ultrapure water, and the hydrothermal autoclave was sealed
and held in a blast oven at a constant temperature of 110 �C for
24 h. After natural cooling to room temperature, the sample was
extracted and subsequently dried at 70 �C. The reaction equations
involved in the hydrothermal treatment method are listed below:

Niþ nH2O ! Ni H2Oð Þn
� �2þ þ 2e� ð1Þ

O2 þ 2H2Oþ 4e� ! 4OH� ð2Þ

Ni H2Oð Þn
� �2þ þ 2OH� ! Ni OHð Þ2 þ nH2O ð3Þ

Next, to form mesoporous NiO nanosheets on nickel foam
(Fig. 1, step II), the prepared b-Ni(OH)2 nanosheets/nickel foam
was cut into 1.5 cm � 1.5 cm pieces and placed in a crucible kettle.
In a muffle furnace without any protective atmosphere or closure
3

of the crucible lid, the b-Ni(OH)2 nanosheets/nickel foam was
heated to 350 �C at 8 �C�min�1 and maintained for 30 min and then
naturally cooled to room temperature. The reaction equation dur-
ing the high-temperature calcination process is listed below:

Ni OHð Þ2 ! NiOþH2O ð4Þ
Last, to prepare the nanocomposite-based electrode (Fig. 1, step

III), the fabricated mesoporous NiO/nickel foam electrode was sub-
sequently cut into 0.5 cm � 1.5 cm pieces, removing the electrode
clip contact area, and the remaining 0.5 cm� 1 cm size was used as
the optimal area for the electrodeposition of AuNPs (Fig. S1 in
Appendix A). The electrodeposition process was performed under
a three-electrode system, that is, the AuNPs/mesoporous NiO/
nickel foam electrode was used as the working electrode, a plat-
inum sheet electrode was used as the counter electrode, and Ag/
AgCl loaded with saturated KCl was used as the reference elec-
trode. The electrolyte was 50 mL of HAuCl4 (5 mmol�L�1) aqueous
solution, the electrodeposition potential was set to �0.2 V, the
electrodeposition time was set to 120 s, and the electrodeposition
temperature was 25 �C. Subsequently, the electrode was carefully
cleaned with ultrapure water, dried with N2, and stored at dry
room temperature until use. The reaction is reflected by the follow-
ing equation:

AuCl4½ �� þHþ þ 3e� ! Auþ 4Cl� þHþ ð5Þ
2.4. Sensing mechanism

Square wave voltammetry (SWV), an electroanalytical tech-
nique, was used for the measurement of Pb2+ and Cu2+, which
could be divided into two main steps of predeposition and exfoli-
ation (Fig. 1). During the predeposition process, the positive
valence heavy metal ions (Pb2+ and Cu2+) in the electrolyte first dif-
fused to the working cathode electrode surface to gain electrons,
and hence, they were reduced to the zero-valence state under a
constant potential. After predeposition, metals in the zero-
valence state were reoxidized by a constant square wave voltage
scan in the anode direction. A high dissolution current peak can
be observed during the rapid oxidation process, and the peak
potential of the stripping current is a function of the quantities
of different types of heavy metal ions. The current signals at speci-
fic potentials, detected with the SWVmethod, were proportional to
the concentrations of the target metal ions.

The electrochemical detection of Pb2+ and Cu2+ based on the
SWV electrochemical analysis method was performed using the
three-electrode system mentioned above. The parameters were
as follows: a scanning potential interval of �0.8 to 0.6 V, amplitude
of 25 mV, incremental potential of 8 mV, square wave application
frequency of 25 Hz, and sensitivity of 10�2. The electrolyte was a
0.1 mol�L�1 HAC–NaAC buffer (pH 4.6), with a predeposition poten-
tial of �0.9 V and a deposition time of 300 s. At each stage, the dis-
sociation potential for the exfoliation of heavy metals after the
SWV test was 0.6 V, and the exfoliation time was 200 s. All tests
were carried out at room temperature by using the electrochemical
workstation of CHI600C with the control software version of
CHI1140C (China). The error bars are the standard deviation of data
from triplicate experiments.
3. Results and discussion

3.1. Characterization of the nanocomposite-based electrode

As revealed by the SEM images of the electrode before and after
steps I and II in Fig. 1 (Figs. 2(a) and (b), inset shows the magnified
image), the nickel foam was entirely overlaid with nanochaotic 2D



Fig. 1. Schematic illustration of the preparation of the nanocomposite-based electrode and the detection principles for heavy metal ions. step I: Binder-free b-Ni(OH)2
nanosheets/nickel foam; step II: mesoporous NiO/nickel foam; and III: AuNPs/mesoporous NiO/nickel foam nanocomposite-based electrode.

Fig. 2. Physical and chemical characterization of AuNPs/mesoporous NiO/nickel foam electrode at different preparation stages. SEM images of (a) nickel foam, (b) mesoporous
NiO/nickel foam, and (c) AuNPs/mesoporous NiO/nickel foam; (d) XRD spectra of AuNPs/mesoporous NiO/nickel foam nanocomposite-based electrode (I: nickel foam; II:
mesoporous NiO/nickel foam; III: AuNPs/mesoporous NiO/nickel foam); and (e) cyclic voltammetry (CV) curves of AuNPs/mesoporous NiO/nickel foam electrode at different
fabrication stages (1: nickel foam; 2: b-Ni(OH)2 nanosheets/nickel foam; 3: mesoporous NiO/nickel foam; 4: AuNPs/mesoporous NiO/nickel foam).
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NiO flakes with a uniform mesoporous distribution after facile
nickel salt- and additive-free hydrothermal treatment. The uni-
formly distributed mesoporous structures on the NiO nanosheets
were smaller than 15 nm in size (inset of Fig. 2(b)). Notably, the
hydrothermal growth time is a critical issue that has an impact
on the morphology of the electrode, which was thoroughly studied
and optimized (Fig. S2 in Appendix A). Fig. 2(c) clearly demon-
strates the successful electrochemical deposition of uniformly dis-
persed AuNPs on the surface of the mesoporous NiO nanosheets
after step III in Fig. 1, which did not destroy the original network
structure of the nanosheet forest on the mesoporous NiO/nickel
foam electrode. It is worth mentioning that an ultrasonic treatment
(< 5 s) was applied before SEM analysis, which might have led to
4

the somewhat uniform distribution of AuNPs on the surface. How-
ever, the hexagonal close-packed (HCP) NiO nanosheet crystal
structure, mesoporous structure, and AuNP crystal structure were
not affected, showing the excellent stability of the nanostructure
morphology of the electrode. The surfaces of nickel foam, meso-
porous NiO/nickel foam, and AuNPs/mesoporous NiO/nickel foam
were analyzed by XRD (Fig. 2(d)). As confirmed by the XRD spectra,
the peaks occurred at 2h = 38.20�, 44.40�, 64.60�, 77.50�, and 98.10�
(indicated with a triangle), consistent with the (111), (200), (220),
(311), and (400) planes of Au (JCPDS No. 04-0784) [27].

The electrochemical behavior of the nanocomposite-based elec-
trode was revealed by cyclic voltammetry (CV), as shown in Fig.
2(e). The CV process was performed using the three-electrode
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system mentioned above, the scan rate was set to 49 mV�s�1, and
the electrolyte was 0.1 mol�L�1 neutral PBS buffer solution contain-
ing 5 mmol�L�1 K3[Fe(CN)6]/K4[Fe(CN)6]. Compared to that of
nickel foam before the hydrothermal reaction (Fig. 2(e), curve 1),
the redox current increased after the formation of b-Ni(OH)2
nanosheets/nickel foam (Fig. 2(e), curve 2), demonstrating that
abundant 2D b-Ni(OH)2 nanosheets supported the transformation
of the Ni(OH)2/NiO(OH) pair, which produced a superior redox cur-
rent related to the enhanced electron transfer property. However,
the improvement factor was restricted owing to the low conductiv-
ity of the 2D b-Ni(OH)2 nanosheets. When the b-Ni(OH)2
nanosheet/nickel foam electrode was calcined at high tempera-
tures to form mesoporous NiO/nickel foam, the redox current sig-
nal was significantly higher (Fig. 2(e), curve 3), which was likely
caused by ① an enlargement of the specific surface area of the
electrode induced by the formation of mesoporous structures and
② a large number of oxygen-deficient vacancies, which was equiva-
lent to a high concentration of hole doping of NiO [28]. After the
electrodeposition of AuNPs on mesoporous NiO/nickel foam, the
redox peak current incrementally increased (Fig. 2(e), curve 4).
This phenomenon was explained by ① the further increase in
the specific surface area and ② the low-barrier Ohmic contact
between the mesoporous NiO nanosheets and AuNPs [29]. The
CV of the electrode at different scan rates (Fig. S3 in Appendix A)
and their effective surface areas, as confirmed by the Sevick
equation (Note S1 and Fig. S4 in Appendix A), also showed the
electrochemical and physical change of the electrode at different
fabrication steps.

The properties of AuNPs/mesoporous NiO/nickel foam were fur-
ther studied by TEM, HRTEM, and selected area electron diffraction
(SAED), applied to the same regions of interest. As revealed by TEM
(Fig. 3(a)), AuNPs were randomly distributed on the surface of the
mesoporous NiO nanosheets, facilitating close interactions. The
homodispersion of the AuNPs on the mesoporous NiO nanosheets
was attributed to the following: ① The electrolyte was mixed with
a medium chain length of PVP-K30 to improve the formation rate
of nanoparticles, which helped avoid aggregation to form a gold
film; ② the reunion of AuNPs was physically blocked by 2D disor-
dered mesoporous NiO nanosheets; and ③ a Pt sheet electrode
served as the counter electrode at the attachment of AuNPs, help-
ing the electrodeposition due to the radii and lattice discrepancy of
Au (4.08 Å) and Pt (3.92 Å) (the radii and lattice discrepancy
between Au and Pt can be as great as 4.08%) [30]. As further con-
firmed by the HRTEM image of our electrode (Fig. 3(b)), lattice
stripes of 0.24 and 0.204 nm were clearly visible in the dusk area,
which was in excellent agreement with the (111) and (200) crys-
tallographic surface indices of Au (JCPDS No. 04-0784). Meanwhile,
the lattice stripes of 0.24 and 0.21 nm in the bright area were con-
sistent with the (111) and (200) crystallographic surface indices of
bunsenite (JCPDS No. 47-1049) [31]. In addition, two diffraction
rings with obvious bright spots suggested the good crystallinity
of the corresponding nanostructures and corresponded to the crys-
tallographic surface indices of Au (220) and bunsenite (200) (inset
of Fig. 3(b)), which was consistent with the XRD patterns in Fig. 2
(d).

To further investigate the surface structure of the AuNPs/meso-
porous NiO/nickel foam electrode at different preparation steps, N2

adsorption–desorption tests were performed (Fig. S5 in Appendix
A). The Barrett–Joyner–Halenda (BJH) method was used to analyze
the isotherms to report pore size distributions. The isotherm con-
formations of both Mesoporous NiO/Nickel Foam and AuNPs/
Mesoporous NiO/Nickel Foam electrodes showed that they were
type IV isotherms (Brunauer classification) with H3 hysteresis
loops (International Union of Pure and Applied Chemistry (IUPAC)
classification) provided in the form of insets in Fig. S5, illustrating
that the electrode materials had a high specific surface area and
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mesoporous structure. The pore size distribution of mesoporous
NiO/nickel foam was 2–130 nm (centered at 2–10 nm) (Fig. S5
(a)). After the electrodeposition process, the pore size of AuNPs/
mesoporous NiO/nickel foam changed to 2–150 nm (centered at
10–50 nm) (Fig. S5(b)). This phenomenon was caused by the depo-
sition of AuNPs, which covered part of the mesopores and formed a
3D structure network, eventually expanding the range of pore size
distribution.

As further exhibited by EDS, in addition to the significant quan-
tity of Ni (NiO and nickel foam) on the surface of the electrode,
obvious characteristic peaks of Au (AuNPs) were also detected
(Fig. 3(c)). The full XPS spectrum in Fig. 3(d) shows the peaks of
C, Ni, Au, and O at distinct binding energies. The C 1s peak was
explained by carbon pollution during the usage and storage of
the sample [32]. Ni peaks (Fig. 3(e)) uncovered two characteristic
binding energies of 856.5 and 873.8 eV with a 17.3 eV binding-
energy gap, corresponding to Ni 2p3/2 and Ni 2p1/2 peaks [24].
The main peaks were along with two broad peaks of 861.4 and
880.5 eV, corresponding to Ni 2p3/2 and Ni 2p1/2 satellite peaks.
These phenomena were consistent with the presence of HCP-
structured NiO nanosheets on the substrate of the electrode. In
addition, there were two characteristic peaks (Fig. 3(f)) at binding
energies of 84.94 and 88.58 eV with a 3.64 eV binding-energy gap,
corresponding to Au0 peaks [33]. The characteristic spectrum of O
1s, as shown in Fig. 3(g), revealed distinct peaks at 530.1 and
531.8 eV. The peak at 531.8 eV indicated the Ni–O bond present
in NiO, while the peak at 530.1 eV indicated the absorbed oxygen
loosely bound to the electrode surface, caused by the high specific
surface area structure of the electrode [25].

3.2. Electrochemical detection of heavy metal ions

The Pb2+ and Cu2+ sensing abilities of the AuNPs/mesoporous
NiO/nickel foam electrode were characterized by testing the SWV
response current signals of the electrode toward different concen-
trations of Pb2+ and Cu2+ in the electrolyte. As shown in Fig. 4(a),
with increasing concentrations of both Pb2+ and Cu2+, the corre-
sponding SWV current signals increased. Peak current signals in
the potential range of �0.5 to �0.4 V were generated by Pb2+, while
peak current signals in the potential range of 0.1 to 0.3 V were gen-
erated by Cu2+ [34,35]. After fitting the peak current signals with
the concentrations, the quantitative range of the electrode
was approximately 2.0–16.0 mg�L�1 for Pb2+ (Fig. 4(b)) and 0.4–
12.8 mg�L�1 for Cu2+ (Fig. 4(c)). The limits of detection (LODs) for
Pb2+ and Cu2+ were calculated as 0.020 and 0.013 mg�L�1, respec-
tively, obeying the requirement that the signal-to-noise ratio
(S/N) = 3. The increased electric conductivity performance (Fig. 2
(e), curve 4) was followed by an ultrasensitivity toward the target,
attributed to the low-barrier Ohmic contact between mesoporous
NiO and AuNPs (Fig. 5) and nanochannel-confined electron transfer
in the electrode design.

To elaborate, when the energy band levels of the semiconductor
and metal have considerable Fermi energy discrepancies, an inef-
fective conductive rectifying contact occurs despite studies show-
ing that the composite resistance can be regulated by the
cooperative effect of the semiconductor and metal [36]. The poor
conductive rectifying contact can only be compensated for when
the combined total Fermi energy level and conduction band energy
of the semiconductor are equal to or less than the work function of
the metal because of their bandgap alignment [37]. For P-type
semiconductors, their work function must be smaller than that of
metals (Us < Um) to form a low-barrier Ohmic contact [38,39]. As
illustrated in Fig. 5, AuNPs with a high work function of about
5.10 eV [40] can yield a low-barrier Ohmic contact with the
P-type NiO semiconductor. This can lead to a work function of less
than 4.92 eV, providing that the Fermi energy level and the



Fig. 3. Surface characterization of AuNPs/mesoporous NiO/nickel foam electrode. (a) TEM, (b) HRTEM, and inset of (b) SAED images of the AuNPs/mesoporous NiO/nickel foam
electrode; (c) EDS spectrumof theHRTEM region; XPS spectra of the AuNPs/mesoporousNiO/nickel foamelectrode: (d) full spectrum, (e) Ni 2p, (f) Au 4f, and (g)O 1s. Sat.: satellite.
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conduction band energy of NiO are 1.40 eV and less than 3.52 eV,
respectively [41]. NiO was deduced as the most suitable metal
oxide for establishing an Ohmic contact with AuNPs (Table S1 in
6

Appendix A), which gave rise to a fast electron transfer path in
addition to superior electric conduction performance in the
AuNPs/NiO nanocomposite structure [37]. A 3D nanoscale



Fig. 4. Performance of AuNPs/mesoporous NiO/nickel foam electrode for Cu2+ and Pb2+ detection. (a) Comparison of SWV response current signals of the electrode toward
different concentrations of Pb2+ and Cu2+ in electrolyte; calibration curves of the electrode for the detection of (b) Pb2+ and (c) Cu2+ in the range of 0–16 mg�L�1 (n = 3);
selectivity of Pb2+ and Cu2+ detection (4 mg�L�1) employing this method against other interfering ions (n = 3): (d) cations (40 mg�L�1), (e) anions (40 mg�L�1), and (f) other
heavy metal ions (4 mg�L�1).
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electrode with high conductivity was implemented using a low-
barrier Ohmic contact between NiO and AuNPs, performing as a
bridge between partly disjointed NiO nanosheet structures, even
though 2D NiO nanosheets were not entirely paved with AuNPs,
as revealed by TEM and HRTEM (Figs. 3(a) and (b)) [29].

During the concurrent detection of Pb2+ and Cu2+ using the
AuNPs/mesoporous NiO/nickel foam electrode, various interfering
ions (including K+, Mg2+, Na+, Ca2+, SO4

2�, CO3
2�, Cl�, NO3

�, Cr6+,
Ag+, Hg+, and Cd2+) were added to evaluate the electrode selectivity
(Figs. 4(d)–(f)). K+, Mg2+, Na+, and Ca2+ are common cations in
groundwater; SO4

2�, CO3
2�, Cl�, and NO3

� are common anions in
groundwater; and Cr6+, Ag+, Hg+, and Cd2+ are common heavy
metal species in groundwater [42,43]. With additional interfering
ions, the current-based response of the electrode to Pb2+ and
Cu2+ remained almost unchanged (±5% relative standard deviations
with the control group), and no dissolution current peaks corre-
sponding to the interfering ions were found at other SWV scanning
potentials. We attributed such good selectivity to the high specific
7

surface area and a large number of independent reaction spaces
from the mesoporous structure of NiO nanosheets. Consequently,
Pb2+ and Cu2+ easily contacted the electrode surface for constant
potential reduction, effectively avoiding complexation with other
heavy metal ions present in complex groundwater environments.
This good stability and selectivity might also be associated with
the high stability of the electrode structure. The precursor struc-
ture of NiO prepared by the in situ hydrothermal method was
firmly deposited on nickel foam, and the mesoporous NiO
nanosheets prepared by high-temperature calcination formed a
stable core–shell-like structure by depositing AuNPs, which
effectively enhanced the morphological stability of the electrode
surface. Notably, previous researches revealed that the positions
of peak current signals caused by the detected ions were greatly
affected by the material of working electrode [44,45]. We
attributed such good selectivity towards Pb2+ and Cu2+ to the
unique characteristics of the AuNPs/mesoporous NiO/nickel foam
nanocomposite fabricated in this work.



Fig. 5. Schematic diagram of the Ohmic contact between AuNPs and the NiO
nanosheet semiconductor after energy band matching. In the case of a P-type
semiconductor, the work function is the sum of the Fermi energy level and the
conduction band energy. Notably, a TEM image illustrating the structural contact
between AuNPs and the NiO nanosheet semiconductor is inserted in the lower part
of the figure.
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To evaluate the ability of the AuNPs/mesoporous NiO/nickel
foam electrode to detect Pb2+ and Cu2+ in real groundwater sam-
ples, we collected groundwater samples 1 and 2 from Chifeng,
Inner Mongolia, and sample 3 from Beijing. The site of samples 1
and 2 is a hazardous waste treatment plant with high-Pb dust
(120�02042.800 E, 41�48054.600 N), with an annual treatment capabil-
ity of approximately 30 000 tonnes. The aquifer consists of fine
sand and gravel layers, and the groundwater level is 11.0 to
18.0 m below ground, fluctuating between seasons. During the
daily operating process, high-Pb dust at the dumping site was
reported to contaminate the surface soils and then be transported
into groundwater through rainfall and infiltration. The site of sam-
ple 3 is the campus of Tsinghua University (116�2004.800 E,
39�59053.100 N). The aquifer consists of sand and gravel layers,
and the groundwater supplies the tap water of Tsinghua University
after processing steps. Accordingly, to meet the need for heavy
metal measurements in the groundwater of these two sites, it is
necessary to design surveillance devices for real-time online anal-
ysis and emergency response. Before measurement, 0.1 lm nylon
injection filters were used to remove potential microorganisms
and large suspended particles from water samples, followed by
Table 1
Determination of Pb2+ and Cu2+ in three groundwater samples (n = 3).

Sample Spiked (mg�L�1) Found
(ICP-OES)
(mg�L�1)

Found
(this work) (m

Pb2+ Cu2+ Pb2+

1 0 < LOD < LOD
2.0 1.89 1.99 2.066 ± 0.028
4.0 3.96 3.85 4.039 ± 0.082

2 0 < LOD < LOD
2.0 1.99 2.09 2.147 ± 0.012
4.0 3.94 3.90 4.059 ± 0.101

3 0 < LOD < LOD
2.0 2.09 1.98 2.172 ± 0.015
4.0 3.87 3.83 3.947 ± 0.073
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pretreatment with a cation exchange resin (Dionex On Guard, II-
H; Thermo Fisher Scientific, USA). Subsequently, the water pH
was adjusted to 4.6 with HAC–NaAC buffer, and the samples were
spiked with Pb2+ and Cu2+ at two different standard concentrations
(2 and 4 mg�L�1) for analysis using the SWV method (Table 1). A
good recovery ranged from 98.7% to 109.4% for Pb2+ and from
96.3% to 106.0% for Cu2+. The coefficient variations for all recover-
ies were below 3.0%, indicating the good stabilities of this electrode
in groundwater matrices. Moreover, the results were in excellent
agreement with those determined by ICP-OES, demonstrating the
practical potential and application prospect of this technology for
detecting Pb2+ and Cu2+ simultaneously in groundwater environ-
ments. The superior electrochemical properties of our electrode,
generated by the mesoporous structure and metal/semiconductor
Ohmic contact, make it possible for accurate and rapid detection.
Considering the miniaturized electrode, this technology has the
potential to be used in the in-field or online quantification of
Pb2+ and Cu2+ in groundwater in conjunction with a portable impe-
dance device.

The AuNPs/mesoporous NiO/nickel foam electrode had an
excellent detection range, sensitivity, repeatability, and stability,
showing a comparable sensing performance compared to other
reported electrodes for Pb2+ and Cu2+ detection (Table S2 in Appen-
dix A). Because of the in situ hydrothermal calcination method used
to directly grow mesoporous NiO and the electrodeposition
method used to embed the NiO with AuNPs, our electrode has
the advantages of low cost and convenient preparation over other
electrodes. In addition, the most satisfying merit of the AuNPs/me-
soporous NiO/nickel foam electrode is its ability to detect different
heavy metal ions simultaneously.

Similar to other 2D nanosheets, 2D NiO has excellent chemical
and structural stability, as well as a high specific surface area, a
high isoelectric point, and the potential for surface modification
capability. Therefore, mesoporous NiO nanosheets can be used as
a good platform to link and fix biomolecules with low isoelectric
points (such as nucleic acids), which have excellent adsorption sta-
bility [46]. In addition, our study has solved the problem of poor
electrical conductivity of NiO nanosheets by forming a low-
barrier Ohmic contact between mesoporous NiO and AuNPs.
Accordingly, AuNPs/mesoporous NiO/nickel foam electrodes not
only play important roles beyond the field of electrochemical sens-
ing but also show great potential in biosensing.
4. Conclusions

We have presented a new electrochemical sensing platform
based on the nanochannel electron transfer effect on a AuNPs/
mesoporous NiO/nickel foam electrode to detect heavy metals in
g�L�1)
Recovery
(this work) (%)

Coefficient
variation
(this work) (%)

Cu2+ Pb2+ Cu2+ Pb2+ Cu2+

— —
1.995 ± 0.017 103.3 99.8 1.4 0.9
3.865 ± 0.056 101.0 96.6 2.0 1.4

— —
2.120 ± 0.038 109.4 106.0 0.5 1.9
3.852 ± 0.084 101.5 96.3 2.4 2.1

— —
1.972 ± 0.022 108.6 98.6 0.7 1.1
3.853 ± 0.086 98.7 96.3 1.8 2.1
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groundwater. The preparation process was potentially economical
and readily manufacturable on a large scale. In addition to the high
specific surface area of the mesoporous nanocomposite, the in situ
formation of 2D NiO nanosheets on nickel foam and the low-
barrier Ohmic contact between NiO nanosheets and AuNPs
resulted in a supersensitive measurement. To test the application
potential of the electrode as a general type of electrochemical elec-
trode platform, our electrode was used for the detection of Pb2+

(0.020 mg�L�1 detection limit; 2.0–16.0 mg�L�1 detection range)
and Cu2+ (0.013 mg�L�1 detection limit; 0.4–12.8 mg�L�1 detection
range) with satisfactory selectivity and high sensitivity in compli-
cated and variable sample matrices. Furthermore, owing to the
characteristics of miniaturization, low energy consumption, and
good performance, electrodes can be widely used in the field of
natural water real-time online analysis, wastewater treatment pro-
cess detection, on-site rapid monitoring, emergency water pollu-
tion warning and so forth.
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