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iostatic electrodeposition of NiS–
NiS2 on sludge-based biochar and its application
for a non-enzymatic glucose sensor†

Suxing Luo, *a Meizhi Yang,b Jiang Li c and Yuanhui Wu *a

Conventional nanomaterials are available in electrochemical glucose nonenzymatic sensing, but their broad

applications are limited due to their high cost and complicated preparation procedures. In this study, NiS–

NiS2/sludge-based biochar/GCE was fabricated by one-step potentiostatic electrodeposition on biochar

and used as an interface material for non-enzymatic sensing of glucose in 0.1 M NaOH. With an

electrodeposition time of 300 s, the as-prepared sensors delivered the best electrochemical

performance toward glucose due to the synergistic effects of NiS–NiS2 and sludge-based biochar. The

as prepared NiS–NiS2/sludge-based biochar surface morphology, surface composition, and

electrochemical properties were characterized by SEM elemental mapping, XPS and cyclic voltammetry.

Under optimized conditions, the linearity between the current response and the glucose concentration

has been obtained in the range of 5–1500 mM with a detection limit of 1.5 mM. More importantly, the

fabricated sensor was successfully utilized to measure glucose in serum of sweetened beverages and

human blood. Accordingly, NiS–NiS2/sludge-based biochar/GCE can hopefully be applied as a normal

enzyme-free glucose sensor with excellent properties of sensitivity, reproducibility, stability, as well as

sustainability.
1 Introduction

Efficient and reliable determination of blood glucose is the key
guarantee for prevention and observation of diabetes
promptly.1,2 For traditional glucose detection, enzymatic
glucose sensors have been used most widely because of their
highly selectivity, simplicity, and reliability.3,4 However, the
storage and use of enzymatic glucose sensors have conditional
limits due to instability of enzymes, intolerance of pH and
temperature variation, also including its high cost.5,6 Hence, it
is required to design a more convenient non-enzymatic glucose
sensing device with sensors.

Recently, non-enzymatic glucose sensors including noble
metallic materials (Au, Pt, and Pd) and their alloys were devel-
oped extensively due to noble metal having lower electron
transfer resistance and higher electro-catalytic activities.5,7,8

However, the high cost of noble metals sensor is bounded to be
limited in practical applications.9 As reported up to now, nickel-
based compounds including suldes, hydroxides, oxides, and
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, P. R. China
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07
phosphates have been reported as efficient glucose sensors
materials, of which nickel suldes exhibited excellent electro-
catalytic performance and electrical conductivity, and nickel
suldes have been sufficiently exploited in the progress of
enzyme mimic glucose sensors, such as Ni3S2/carbon nanotube,
NiS/Ni(OH)2/NH4PA/PPyNTs, NiS/S-g-C3N4.5,6,10–13 These sensors
could detect glucose sensitively, but expensive carbonaceous
materials (C3N4, PPyNTs, carbon nanotube) yet increase the test
cost.6,14 With regards to this situation, it is necessary to fabricate
a novel electrochemical sensor that not only requires high
analytical efficiency and sensitivity but also utilizes low-cost and
sustainable materials.

In this study, we proposed using excess sludge as the raw
material for glucose sensor. As a major residue of municipal
sewage treatment plant, excess sludge is regarded as its major
pollutant and usually treated with simple landlls, fertilization,
incineration, etc. Without further treatment, it could cause
secondary pollution easily.15,16 However, its abundant organic
matter and surface adsorption sites enable excess sludge with
potential for biochar preparation. So far, the application of
biochar as an electrode modier, aiming at determinations of
inorganic ions and organic species, has gained noticeable
popularity and recognition due to its rich pore structures and
functional groups.17–20

Here, by integrating sludge-based biochar with nickel
suldes, a novel enzyme-free electrochemical glucose sensor
has been developed. Nickel suldes were in situ
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic diagram for the fabrication of NiS–NiS2/sludge-based biochar/GCE and sensing of glucose by an electrochemical
strategy.
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electrodeposited on the surface of sludge-based biochar due to
electrodeposition having signicant advantages of relatively low
cost, easy operation, and well condition controlling.21,22

Consequently, the NiS–NiS2/sludge-based biochar/GCE was
constructed (Scheme 1). This proposed sensor was low-cost,
eco-friendly, sensitive and convenient. In addition, this elec-
trochemical method was successfully applied to determine
glucose effectively in real sweetened beverages and human
blood samples.

2 Experimental section
2.1 Chemicals and reagents

The excess sludge sampled from the Gaoqiao Wastewater
Treatment Plant in Zunyi, China, was used as the raw material
for biochar synthesis. Chemicals such as nickel nitrate hexa-
hydrate, potassium thiocyanide and glucose were purchased
from Aladdin Industrial Corporation (Ontario, CA, USA) and
used without further treatment.

2.2 Preparation of sludge-based biochar

To prepare sludge-based biochar, excess sludge was rstly
transferred to an Ultrasonic Cell Crusher with 600W for 20 min,
then dried overnight at 105 °C. Subsequently, the excess sludge
was screened with 100 mesh sieve (0.15 mm) and pyrolyzed at
600 °C 23 in tubular reactor for 4 h under argon protection with
heating rate 5 °C min−1. Aer that, the product immersed in
0.5 M HF and evaporated at 100 °C to remove ashes.24 Finally,
the residual solid product was rinsed several times with
distilled water until the pH of suspension was neutral and then
dried at 105 °C to obtain sludge-based biochar.

2.3 Activation of sludge-based biochar

To increase surface functional groups for further modication,
the sludge-based biochar was activated by nitric acid (HNO3).
© 2023 The Author(s). Published by the Royal Society of Chemistry
For the activation, 25 mL 50% (v/v) nitric acid was added to 0.2 g
sludge-based biochar. Then the mixture was transferred into
a reux system under constant stirring at 60 °C for 3 hours, and
then washed to pH neutral and dried.
2.4 Fabrication of the modied electrodes

Prior to use, a glassy carbon electrode (GCE) was mirror pol-
ished with 0.3 mM and 0.05 mM alumina slurries on an abra-
sive paper, and then dipped in alcohol aer being sonicated
in deionized water. Firstly, activated sludge-based biochar
was ultrasonically dispersed in an aqueous solution to obtain
1 mg mL−1 activated biochar suspension. Then, 7 mL of 1 mg
mL−1 activated biochar suspension was carefully transferred
onto the mirror-like surface of the GCE dried at room
temperature for obtaining sludge-based biochar/GCE.
Thirdly, the modied electrodes were fabricated by directly
electrodepositing NiS–NiS2 on sludge-based biochar/GCE via
a potentiostatic method in electrolyte of 0.05 M NiSO4 and
0.2 M KSCN at a voltage of −0.8 V and certain time (210 s,
300 s, 420 s), which were labeled as Ni-B-210, Ni-B-300, and Ni-
B-420, respectively.
2.5 Characterization measurements

The surface morphologies and the elemental mapping of the
as-prepared modied electrodes were performed by scanning
electron microscope (SEM, TESCAN MIRA LMS, Czech
Republic) operated at an accelerating voltage of 15 kV. The
surface composition of the modied electrodes was captured
by X-ray photoelectron spectroscopy (XPS, Thermo Scientic)
using Al-Ka exciting radiation (1486.6 eV, 450 W). The
passing energy and energy step size for high-resolution
spectra were 50 eV and 0.1 eV, respectively. And all high-
resolution spectra were corrected with the adventitious C 1s
peak (284.8 eV).
RSC Adv., 2023, 13, 5900–5907 | 5901
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2.6 Electrochemical measurements

The NiS–NiS2/sludge-based biochar/GCE electrodes were eval-
uated as a glucose sensor in 0.1 M NaOH. All electrochemical
experiments were carried out using a 2273 electrochemical
system (Princeton Applied Research PARSTAT2273 Electro-
chemical Workstation), consisting of a typical three-electrode
cell equipped with the NiS–NiS2/sludge-based biochar/GCE
electrode as the working electrode, a platinum wire and an
Ag/AgCl electrode, which serves as the auxiliary and reference
electrodes, respectively.
3 Results and discussion
3.1 Morphological characterization

In order to monitor the morphology and composition of elec-
trodeposited products, different electrodeposition time was
studied. The morphologies of the as-prepared modied elec-
trodes at three different electrodeposition time were investi-
gated and compared in Fig. 1. The sludge-based biochar/GCE
has rough surface with layered porous structure (Fig. S1†).
Aer electrodeposition, large quantities of asymmetric small
clusters (0.1–5 mm, almost below 1 mm) appeared on all three
kinds of modied electrodes, and all of them can barely observe
the morphology of original sludge-based biochar/GCE as small
clusters almost covering the whole surface (Fig. S1†). Notice-
ably, the average diameter of electrochemically deposited
particles was reduced gradually as the increasing of deposition
time.

To measure elemental content of the electrodeposited
products, the as-prepared modied electrodes with different
electrodeposition time were characterized by element mapping
analysis and the results were shown in Fig. S2.† It was found
that both of the Ni and S element were successfully electro-
deposited on surface of all electrodes. And the atomic ratios of
Ni to S of Ni-B-210, Ni-B-300, and Ni-B-420 were 80.1 : 19.9,
53.9 : 46.1, and 28.7 : 71.3, respectively. Correspondingly, the
main possible products on the electrodes discussed above were
Ni(OH)2–NiS2/sludge-based biochar/GCE, NiS–NiS2/sludge-
based biochar/GCE, NiS2 sludge-based biochar/GCE, respec-
tively. In addition, these compounds information on the elec-
trodes were veried in Section 3.2.
Fig. 1 SEM images of as-prepared modified electrodes obtained at
different electrodeposition time: (A) 210 S, (B) 300 S, (C) 420 S.
3.2 X-ray photoelectron spectra (XPS) studies

Furthermore, XPS high resolution spectra were used to gain
chemical states and compound information on the surface of
three kinds of as-prepared modied electrodes with different
electrodeposition time were displayed in Fig. 2. Fig. 2A dis-
played the Ni 2p3/2 spectrum of Ni-B-210. The binding energies
at 855.9 eV and 861.7 eV were indexed to NiS2 and Ni(OH)2,
respectively.7,25 Themain peak of the Ni 2p3/2 was tted with two
peaks at 853.4 eV and 856.0 eV in Fig. 2C were assigned to NiS
and NiS2.26 In Fig. 2E, the characteristic peak for NiS2 at binding
energy of 856.0 eV was observed. The peaks of S 2p3/2 at 162.8 eV
can be attributed to S2− or S− in the as-electrodeposited samples
while only S 2p3/2 of Ni-B-300 showed slight oxidation, mainly
resulting from NiS oxidation product, spices SO4

2−.27,28 Above
5902 | RSC Adv., 2023, 13, 5900–5907
all, XPS data results were in agreement with the element
mapping results.

3.3 Electrochemical behaviors of the three kinds of modied
electrodes toward NaOH and glucose

Cyclic voltammetry (CV) was used to investigate the different
electrochemical behaviors of the as-prepared modied elec-
trodes at different electrodeposition time in 0.1 M NaOH
without or with 0.5 mM glucose. As shown in Fig. 3, the NiS–
NiS2/sludge-based biochar/GCE exhibited excellent electro-
catalytic performance toward glucose comparing with the other
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 High resolution XPS spectrum of (A) Ni 2p (B) S 2p of Ni(OH)2–NiS2/sludge-based biochar/GCE, (C) Ni 2p (D) S 2p of NiS–NiS2/sludge-
based biochar/GCE, (E) Ni 2p (F) S 2p of NiS2 sludge-based/biochar/GCE.
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two electrodes, suggesting NiS performed best electrochemical
activity comparing with Ni(OH)2 and NiS2. A pair of redox peaks
of NiS–NiS2/sludge-based biochar/GCE in 0.1 M NaOH at 0.55 V
(vs. AgCl) and 0.36 V (vs. AgCl) correspond to the transformation
of NiS, NiS2 (Ni(II)) to NiSOH and NiS2OH (Ni(III)), and then
reduction behavior of NiSOH, NiS2OH to NiS and NiS2, respec-
tively14,29 (eqn (1)).

NiSþOH#NiSOHþ e�

NiS2 þOH�#NiS2OHþ e�
(1)
© 2023 The Author(s). Published by the Royal Society of Chemistry
Aer the addition of 0.5 mM glucose, the oxidation potential
appeared at 0.50 V, related to the electrocatalytic oxidation of
glucose occurring on NiS–NiS2/sludge-based biochar/GCE, cor-
responding to the reaction equation as follow:

NiSOHþ glucose#NiSþ glucolactone
NiS2OHþ glucose#NiS2 þ glucolactone

(2)
RSC Adv., 2023, 13, 5900–5907 | 5903
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Fig. 3 Cyclic voltammograms of Ni(OH)2–NiS2/sludge-based biochar/GCE, NiS–NiS2/sludge-based biochar/GCE, and NiS2 sludge-based/
biochar/GCE in 0.1 M NaOH (A) in the absent of glucose; (B) in the present of 0.5 mM glucose.
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3.4 Electrochemical behaviors of NiS–NiS2/sludge-based
biochar/GCE toward glucose

In order to verify the electrocatalytic performance of NiS–NiS2/
sludge-based biochar/GCE compared with the other electrodes,
CV measurements were recorded in 0.1 M NaOH solution con-
taining 0.5 mM glucose as shown in Fig. 4. First, the bare GCE
and biochar/GCE did not show any appreciable electrocatalytic
response. And then the poorly dened oxidation peaks were
observed at NiS–NiS2/GCE. At last, for NiS–NiS2/sludge-based
biochar/GCE, the oxidation peak current increased signi-
cantly and the oxidation peak potential decreased obviously
compared with NiS–NiS2/GCE. This clearly indicates that the
NiS–NiS2/sludge-based biochar/GCE had excellent electro-
catalytic performance towards the electro-oxidation of glucose.

The high response current of NiS–NiS2/sludge-based
biochar/GCE for detecting glucose was mainly caused by the
synergistic effects of NiS–NiS2 and sludge-based biochar. On the
one hand, unique porous structure as well as abundant func-
tional groups of sludge-based biochar30 provided strong
adsorption capacity and abundant electrocatalytic active site for
glucose detection. On the other hand, the high conductivity of
Fig. 4 Comparative cyclic voltammetry responses of bare GCE,
sludge-based biochar/GCE, NiS–NiS2/GCE, and NiS–NiS2/sludge-
based biochar/GCE were obtained for 0.5 mM glucose in 0.1 M NaOH
solution.

5904 | RSC Adv., 2023, 13, 5900–5907
NiS may further enhance its electrocatalytic performance in
glucose analysis process.6 In addition, the redox pair (Ni(II)/
Ni(III)) also can boost the electrocatalytic behavior of glucose as
both electronic medium and catalyst.31 Thus, the proposed
electrochemical sensor, NiS–NiS2/sludge-based biochar/GCE, is
capable of being electrode material for building nonenzymatic
glucose sensors with excellent electrocatalytic performance.

The important rate-determining step of glucose electro-
oxidation on NiS–NiS2/sludge-based biochar/GCE was investi-
gated by a series of CV tests at scan rates ranging from 20 to
200 mV s−1. Fig. 5A and C depicted the CV curves of NiS–NiS2/
sludge-based biochar/GCE without or with 0.5 mM glucose in
0.1 MNaOH solution, respectively. Aer the addition of glucose,
a pair of well-dened and enhanced oxidation peaks were
clearly observed, which shied to a little negative value
comparing with that of Ni(II) oxidizing to Ni(III), owing to oxi-
dization of glucose. These experiments demonstrated that NiS–
NiS2/sludge-based biochar/GCE showed excellent electro-
catalytic activity towards glucose. As the scanning rates
increasing, all anodic peak potential shied positively while the
cathodic peak potential moved negatively instead, indicating
that the electrochemical reactions were quasi-reversible and
there were kinetic limitations between the reaction sites of the
modier and substrate. Furthermore, both anodic and cathodic
peak current enhanced linearly with the square root of scan rate
from 20 to 200 mV s−1 (both Fig. 5B and D), indicating that the
diffusion process of OH− anions without glucose is the rate-
determining step of NiSOH and NiS2OH formation. Similarly,
the redox reaction of glucose on NiS–NiS2/sludge-based biochar/
GCE was a typical diffusion controlled process. This indicates
that the redox reaction occurring on the modied electrode is
fast and reversible,32 which is in consistent with formerly re-
ported nickel compounds modied electrodes.6,33
3.5 Amperometric detection of glucose

To achieve amperometric measurements of glucose oxidation
on NiS–NiS2/sludge-based biochar/GCE, maximum current
response was investigated at applied potentials (0.4 V, 0.5 V,
0.55 V and 0.6 V). The results showed that the current response
improved as the applied potential increasing to 0.55 V, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 CV curves of NiS– NiS2/sludge-based biochar/GCE at different scan rates in 0.1 M NaOH solution without glucose (A) and with 0.5 mM
glucose (C). The relationship between peak current and square root of the scan rate without glucose (B) and with 0.5 mM glucose (D).
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subsequently began to fall aerwards. Consequently, 0.55 V was
determined as the working potential for the amperometric
glucose sensor. Furthermore, the real-time amperometric
detection of glucose on the proposed sensor was investigated by
consecutive injecting of glucose into the 0.1 M NaOH under
constantly stirring, and the result was displayed in Fig. 6.
Apparently, the continuous mass rising of glucose resulted in
Fig. 6 The amperometric response of NiS–NiS2/sludge-based bio-
char/GCE with successive addition of different amounts of glucose in
0.1 MNaOH (inset: calibration plot between current density vs. glucose
concentration).

© 2023 The Author(s). Published by the Royal Society of Chemistry
a stepwise growth of the current value and a steady state current
achieved within 6 s, which suggested the fabricated sensor as
a sensitive non enzymatic glucose sensor with favorable linear
range from 5 to 1500 mM and the detection limit was calculated
to be 1.5 mM.

To verify the applicability of NiS–NiS2/sludge-based biochar/
GCE, various of different electrochemical nonenzymatic glucose
sensors based on nickel sulde were summarized in Table 1 to
compare their scope of application. The fabricated electrode in
our study showed comparably sensitivity when contrasted with
other previous reports.

3.6 Selectivity, repeatability, reproducibility, and stability
studies of NiS–NiS2/sludge-based biochar/GCE

Above all, selectivity is one of the important characteristics in
practical applications of sensor. Generally, the concentrations
of interfering species were oen selected at physiological level
to test the selectivity of the sensor.33 Thus, for the 0.5 mM
glucose detection process, amperometric measurements were
utilized to investigate the interferences including 60 mM
ascorbic acid (AA), dopamine (DA), uric acid (UA), Cysteine
(Cys), sodium chloride (NaCl), magnesium (Mg2+), calcium
(Ca2+). The amperometric responses of the interference
compounds above were given in Fig. S3.† Obviously, these
interfering compounds had not noticeable effect on the deter-
mination of glucose, and the current response less than 5%.
Secondly, the reproducibility of the method was examined by
preparing four different NiS–NiS2/sludge-based biochar/GCE
RSC Adv., 2023, 13, 5900–5907 | 5905
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Table 1 Comparisons of various electrochemical non-enzymatic sensors based on nickel sulfide for glucosea

Type of the electrode
Method of modication
electrode

Determination
techniques

Linear range
(mM)

Detection limit
(mM) Reference

NiS/S-g-C3N4 Drop casted on GCE CV, LSV, Amp I–t 0.1–2100 1.5 6
NiS/Ni(OH)2/NH4PA/PPyNTs Drop casted on GCE CV 0–600 3.1 14
Hierarchical Ni3S2 electrode Hydrothermal method CV, EIS, Amp I–t 0.0005–3000 0.82 34
Ni3S2/carbon nanotube Hydrothermal approach CV, EIS, CA, Amp I–t 30–500 1 13
NiS/rGO nanohybrid Drop casted on GCE CV, LSV, Amp I–t 50–1700 10 35
Crystalline b-NiS Atomic layer deposition method CV, Amp I–t 0.005–60 1.2 36
3D Ni3S2 nanosheets/Ni foam One-step hydrothermal approach CV, EIS, CA, Amp I–t 0.005–3000 1.2 37
NiS– NiS2/sludge-based biochar/GCE Electrodeposition Amp I–t 5–1500 1.5 This work

a CV – Cyclic voltammetry; Amp It – Amperometry; LSV-Linear sweep voltammetry; EIS – Electrochemical impedance spectroscopy; g-C3N4 –
Graphitic carbon nitride; NH4PA/PPyNTs – ammonium polyacrylate-functionalized polypyrrole nanotubes; rGO – reduced graphene oxide.
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separately and checked their glucose response (10 mM) paral-
lelly. The RSD of four electrodes was 4.8%, indicating the
electrode fabrication and the glucose detection procedure were
highly reproducible. Then, the stability of NiS–NiS2/sludge-
based biochar/GCE was also investigated aer keeping in air
at room temperature for 7 days, the peak current of glucose was
reduced about 4.7% and the oxidation peak potential remained
unchanged. Finally, the electrochemical responses (CV and
amperometric) at 0.5 mM glucose were studied by four modied
electrodes. Aer 5 parallel tests, the RSD value was 4.2%,
showing that the sensor has great reproducibility. In summary,
NiS–NiS2/sludge-based biochar/GCE has excellent performs on
glucose detection in experiment conditions.
3.7 Real sample analysis

In order to further estimate the sensor's practicability, the NiS–
NiS2/sludge-based biochar/GCE was utilized to determine
glucose in human blood sample and oral glucose liquid,
respectively. The blood sample was provided by one of the
authors and used without further treatment. Before the test,
the glucose oral liquid was diluted by dissolving 1 mL into
50 mL deionized water. The electrode was rst calculated by
adding glucose three times, then, the blood sample and oral
glucose liquid were successively added into 100 mL 0.1 M
NaOH solution, and amperometric detection was performed at
0.55 V working potential, and calculation results shown in
Table 2.
Table 2 Determination of glucose in blood and glucose oral liquid
samples

Samples (n = 3)

This method (mM)
Commercial glucose
meter (mM)

Found Mean RSD Found Mean RSD

Blood sample 4.81 5.11 �7.6% 4.94 4.95 �3.6%
5.32 5.02

Glucose oral liquid 5.21 72.1 �6.4% 4.90 71.6 �4.7%
74.2 71.6
72.1 72.4
69.9 70.9

5906 | RSC Adv., 2023, 13, 5900–5907
4 Conclusions

In summary, a sensitive, simple fabrication and cost-effective
nonenzymatic glucose electrochemical sensor was developed
with nickel sulde and biochar via a facile one-step electro-
chemical deposition method. The NiS–NiS2/sludge-based
biochar/GCE presented much better performance toward elec-
trochemical nonenzymatic glucose sensing, higher selectivity
for seven kinds of interferences (AA, DA, UA, Cys, NaCl, Mg2+

and Ca2+), faster response (within 6 s), more highly reproduc-
ible, and long-term stability, than Ni(OH)2–NiS2/sludge-biochar/
GCE, and NiS2/biochar/GCE and even nonenzymatic sensor
based on nickel sulde in previews research. The excellent
electrocatalytic properties toward glucose on NiS– NiS2/sludge-
based biochar/GCE mainly attributed to the synergistic effects
of NiS–NiS2 with electrocatalytical activity and biochar of
multiple porous, abundant surface functional groups. Signi-
cantly, this study not only supplies a typical example of sewage
sludge resource disposal but also suggests its potential to
develop nonenzymatic electrochemical sensors based on NiS
and NiS2 in the future.
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