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The nanomaterials for non-enzymatic electrochemical sensors are usually pre-synthesized and coated
onto electrodes by ex situ methods. In this work, amorphous cobalt-nickel sulfide (CoNiS) nanoparticles
were facilely prepared on copper foam (CF) by the in situ successive ionic layer adsorption and reaction
(SILAR) method, and as-prepared CoNiS/CF was studied as an electrode for non-enzymatic glucose
sensing. It was analyzed by field emission scanning electron microscopy (FESEM), energy dispersive X-ray
analysis (EDAX) and X-ray photoelectron spectroscopy (XPS). The electrochemical performance was
investigated by cyclic voltammetry (CV) and chronoamperometry (CA). This binary sulfide electrode
showed better performance toward glucose oxidation compared to the corresponding single sulfide and

Received 29th November 2023 showed a wide linear range of 0.005 to 3.47 mM, a high sensitivity of 2298.7 pA mM™ cm™2 and a low
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detection limit of 2.0 uM. The sensor exhibited high sensitivity and good repeatability and stability and

DOI 10.1035/d3ra08154k was able to detect glucose in an actual sample. This work provides a simple and fast in situ electrode
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1. Introduction

Glucose directly participates in the metabolism of the human
body and is the primary energy source for the human body.
However, a high glucose level will damage the health of patients
with diabetes. Several methods have been developed to detect
glucose, including chromatography," colorimetry,> fluores-
cence,’ and electrochemical techniques.* Among them, elec-
trochemical techniques show advantages of easy access to
instruments, simple operation, and easy miniaturization.
Electrochemical technology includes various methods, such as
cyclic voltammetry (CV),® differential pulse voltammetry (DPV),®
electrochemical impedance spectroscopy (EIS),” and chro-
noamperometry (CA), which can be flexibly applied. Enzyme
electrochemical glucose sensors have high selectivity, but their
sensitivity to environmental factors such as temperature,
humidity, and pH affect their accuracy.® Therefore, enzyme-free
electrochemical glucose sensors have received widespread
attention. Various non-enzymatic materials, mainly nano-
materials, have been used for glucose sensors, which are known
as nanoenzymes. For example, noble metals,”'® carbon-based
nanomaterials,"** and transition metal nanomaterials
(mainly copper, cobalt, nickel, including their metals,*>*
oxides,"'® hydroxides,"*® sulfides'®?*) have been reported as
electrode materials for electrochemical glucose sensing.
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preparation method for a high-sensitivity glucose sensor.

Transition metal sulfides have applications in the fields of
photocatalysis,** supercapacitors,* sensors® and solar cells®
due to their excellent physical and chemical properties, such as
redox reversibility, capacitance and conductivity. Metal sulfides
like CuS,*® CoS* and NiS*" were used as nanozymes for non-
enzymatic glucose sensors. Li et al. prepared amorphous CoS
on a reduced graphene oxide-poly(3,4-ethylenedioxythiophene)
composite by electrodeposition, and the glucose sensor
exhibited a linear range of 0.0002-1.38 mM, and sensitivity of
113.46 pA mM ' em 2 with a detection limit of 0.079 pM.* Lin
et al. electrodeposited an «-NiS nanosphere film on ITO for
glucose detection, and the sensor showed a linear range of 1-35
UM and a sensitivity of 8.4 pA pM~* cm ™23

However, monometallic materials have few active sites and
limited electrochemical activity, which limit their application in
non-enzymatic glucose sensors. Enhanced electrochemical
performance can be observed on electrodes based on multi-
metallic material due to their synergistic effect.**** Binary metal
sulfides have large redox reaction sites and high electrical
conductivity compared to monometallic sulfides.* Vilian et al.
prepared Ni,CoS, nanopetals on carbon nanofibers (Ni,CoS,-
CNF) by an electrospinning-assisted hydrothermal method. The
Ni,CoS,~CNF-based glucose sensor exhibited an extremely low
detection limit (0.25 nM) and a wide linear range (5-70 nM).**
Cao et al. electrodeposited a nickel cobalt sulfide nanosheet
film on a titanium mesh (Ni-Co-S/TM), which showed a wide
linear response range of 0.001-3.0 mM, a sensitivity of 3291.5
pA mM ' em ™2 and a low limit of detection of 0.12 uM for
glucose sensing.*
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In addition to the type of electrode material, the electrode
preparation method and morphology of the material have
significant impacts on the performance of sensors. Generally, in
situ preparation of materials on the electrode shows better
sensing performance compared to an ex situ method due to
good contact and direct electron transfer. For instance, Li et al.
reported that electrodeposited CoS had better electrocatalytic
activity than drop casting CoS for glucose sensing.*® The in situ
methods include electrospinning, electrodeposition, atomic
vapor deposition, and the successive ionic layer adsorption and
reaction (SILAR) method. The SILAR method has the advantages
of low cost, fast speed, and easy operation. For instance, CuS,*”
CuO,*® and Au nanoparticles® have been prepared on different
substrates by SILAR to be used as glucose sensor electrodes. As
for the morphology of the materials, nanomaterials with a small
particle size and a larger specific surface area generally have
more catalytic sites, better contact with electrolyte solution, and
better electrocatalytic activity. These nanomaterials are usually
pre-synthesized by a hydrothermal method and are later coated
on the substrate by an ex situ method to prepare sensor elec-
trodes. However, sensors prepared by an ex situ method
generally have low sensitivity due to the poor contact between
the material and the substrate.

In this work, monolayer cobalt nickel sulfide nanoparticles
were prepared by SILAR on copper foam for non-enzymatic
glucose detection. Copper foam has a larger surface area and
better adsorption than ordinary smooth substrates (such as
conductive glass and glassy carbon electrodes), so it is easier to
use a SILAR method to prepare materials in situ. This method
avoids the use of non-conductive connectors, allowing good
contact between the material and substrate. Metal sulfide
nanoparticles with a size smaller than 50 nm were grown on
copper foam, which increased the catalytic performance of the
electrode. Compared with single cobalt sulfide or nickel sulfide,
the synergistic effect of bimetallic cobalt nickel sulfide signifi-
cantly improved the performance of the sensor. The sensor
exhibited high sensitivity and good repeatability and stability
and was used to detect glucose in an actual sample. Most
importantly, compared to other in situ methods, this method
was simple and fast.

2. Experimental section

2.1. Materials

Glucose (Glu), NaOH, Na,S-9H,0, CoSO,-7H,0, and NiSO,4-
-6H,0 came from Kelong Reagent Co. Ltd (Chengdu, China).
Uric acid (UA), dopamine, ascorbic acid (AA), and cysteine were
bought from Wokai Biotechnology Co. Ltd (Shanghai, China).
Methanol was bought from Sinopharm Chemical Reagent Co.
Ltd. All of the above reagents were of analytical grade and used
directly without further treatment. The serum sample was
purchased from Shanghai Acmec Biochemical Co. Ltd.

2.2. Fabrication of CoNiS/CF

The optimized preparation process of the CoNiS/CF electrode
was as follows: copper foam with an area of 1.5 x 0.8 cm” was
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Fig. 1 Schematic of the fabrication of a CoNiS/CF electrode by the
SILAR method.

ultrasonically cleaned with acetone, RO water and absolute
ethanol in sequence for 10 min. As CoNiS has a large current
response, to obtain electrodes with a low detection limit, the
concentration of the precursor solution needs to be low, and the
dipping time in the precursor solution need to be short. The
naturally dried copper foam was immersed in a mixed solution
of 0.05 M C0SO,-NiSO, (Co/Ni molar ratio 3 : 1) for 10 s, which
was then washed with deionized water to remove the residual
solution and immersed in a solution of 0.05 M Na,S for another
10 s. After that, it was washed with deionized water and dried at
50 °C for 3 h to obtain the CoNiS/CF electrode. A schematic
diagram of electrode preparation using SILAR is shown in Fig. 1.
To enhance the hydrophilicity of the copper foam, the solvent
for both solutions was a mixed solvent of water and methanol
(Viwater/ Vmethanol = 4:1). For comparison, CoS/CF and NiS/CF
electrodes were prepared by the same procedure, except that
the mixed solution was replaced with 0.05 M NiSO, or 0.05 M
CoSO, solution.

2.3. Characteristics and electrochemical measurement

Scanning electron microscope (SEM) images were obtained
from a Hitachi model SU 8020 UHR field emission scanning
electron microscope (FESEM) (Japan), and the compositional
analysis was performed by energy-dispersive X-ray spectroscopy
(EDS). X-ray photo electron spectroscopy (XPS) analysis was
tested with a Themo Escalab 250 (Thermo Fisher Scientific,
USA) XPS system with a monochromatized Al Ko line source
(1486.7 eV).

Cyclic voltammetry (CV) and chronoamperometry (CA) were
performed with a three-electrode system on a CHI 760E elec-
trochemical workstation (Chenhua Inc., China). The working
electrode was the as-prepared electrode with an active area of
0.8 cm?; the counter electrode was a Pt wire; and the reference
electrode was an Ag/AgCl electrode. NaOH (0.1 M) was used as
the electrolyte. CVs were performed in the potential window of

0-0.8 V at a scan rate of 20 mV s .

3. Results and discussion

3.1. Characterization of CoNiS/CF

Fig. 2 shows the TEM and SEM images and EDS results of the
CoNiS/CF electrode. Fig. 2(a and b) are the TEM images of
CoNiS, which show that CoNiS nanoparticles were inter-
connected, and the size was less than 50 nm. As can be seen
from Fig. 2(c), the copper foam surface was covered with
a monolayer of rough aggregates. There were some relatively
smooth areas which were irregular or nearly circular. These
smooth areas were not connected but were independently and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 TEM and SEM images and EDS of the CoNiS/CF electrode at (a)
600 nm scale, (b) 200 nm scale, (c) 5 um scale, (d) 500 nm scale. (e)
EDS spectrum, and (f) EDS mapping images of Ni, Co, S in scanned
area.

uniformly distributed on the copper foam. Fig. 2(d) shows
clearly that the rough area was a layer of aggregates that showed
a cauliflower-like morphology, which is a typical structure of
a sulfide. These aggregates had sizes of about 50-100 nm and
were composed of smaller nanoparticles. During the SILAR
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process, the copper foam first adsorbed Co**-Ni*" ions on its
surface, and then S*>~ ions were adsorbed; when $*~ jons met
Co™'-Ni*" ions, they reacted immediately to form the CoNiS
nanoparticles on the surface of the copper foam, forming the
rough cauliflower-like morphology, which increased the specific
surface area and added active sites for the electrocatalysis of
glucose. It can be inferred from Fig. 1 that the rough area was
the place where Co**-Ni** ions were adsorbed. In the Co®"-Ni**
ion adsorption process, the liquid film containing Co*'-Ni**
ions did not densely spread over the foam copper, but covered
most of it, leaving some irregular or near circular smooth areas,
which were the surface of foamed copper. Fig. 2(e) displays the
EDS spectrum, indicating that Co, Ni, and S elements existed on
the electrode. The map images in Fig. 2(f) demonstrate that Co,
Ni, and S elements were distributed uniformly on the copper
foam. The atomic ratio of Co to Ni was estimated to be 1: 3.
The elemental composition of the CoNiS/CF electrode was
analyzed by XPS. Fig. 3(a) is a full XPS spectrum, showing the
presence of Co, Ni, and S elements in the material, where the
presence of C and O is usually attributed to contamination
caused by the use of carbon as a corrective material and oxygen
adsorbed onto the material in the testing process, respectively.
As Fig. 3(b) shows, peaks at binding energies of 856.5 eV and
874.1 eV correspond to Ni2p/, and Ni2p,/, of Ni*" with minor
Ni**, respectively, and peaks at 862.1 eV and 880.1 eV are
satellite peaks.*®*' In Fig. 3(c), peaks at binding energies of
781.8 eV and 797.2 eV are ascribed to Co2p;/,, and Co2p,,, of
Co*>" with minor Co®', respectively, and satellite peaks are
located at 786.7 eV and 803.2 eV.***" Fig. 3(d) shows two peak at
162.4 eV and 163.2 eV, which are attributed to S 2p.*> The above
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Fig. 3 XPS spectra of the CoNiS/CF electrode: (a) survey spectrum, (b) Ni 2p, (c) Co 2p and (d) S 2p.
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results indicate that the CoNiS nanoparticles had been
successfully grown on CF.

3.2. Electrochemical properties of CoNiS/CF

To study the electrochemical properties of the sensors, they
were investigated by CV and CA. The CV curves of various
electrodes with and without 0.5 mM glucose are presented in
Fig. 4(a), which shows that the electrodes had oxidation peaks
towards glucose at about 0.4-0.6 V. The oxidation peak currents
increased significantly compared with those without glucose,
indicating they all had an electrocatalytic effect on glucose. The
bare CF had the lowest current responses, while the CoNiS/CF
electrode exhibited current responses higher than those of CF
or NiS/CF and close to those of CoS/CF. However, the current
change before and after glucose addition for the CoNiS/CF
electrode was larger than that of CoS/CF, indicating its better
electrocatalytic activity for glucose. The feeding ratio of Co/Ni
was optimized to achieve a better synergistic effect. From
Fig. 4(b), a low oxidation peak current was obtained with a Co/
Ni feeding ratio of 1: 3; when the ratios were 3:1 and 5:1, the
oxidation peak currents became higher, both nearing that of
CoS/CF. Thus, the Co/Ni feeding ratio of 3:1 was ultimately
used for the CoNiS/CF electrode. To improve the sensitivity of
the CoNiS/CF electrode for glucose detection, its amperometric
response was tested by adding 0.5 mM glucose to 0.1 M NaOH at
different potentials (0.4, 0.5, 0.6, and 0.65 V). Fig. 4(c) shows
that the current responses increased with the increase in
potential; when the potential was greater than 0.6 V, the current
responses no longer increased. Thus, 0.6 V was selected as the
final detection potential. The CV curves of CoNiS/CF with
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different concentrations of glucose are shown in Fig. 4(d); the
oxidation/reduction peak near 0.6 V increased gradually and
linearly with an increase in glucose from 0.0 to 3.0 mM, indi-
cating that the electrode was sensitive to glucose in this range.

Under alkaline conditions, Co** and Ni*" change into Co®*
and Ni*' at around 0.4-0.6 V; then Co®" and Ni*' react with
glucose by electro-oxidation near 0.6 V to generate glucolactone.
Therefore, in summary, the mechanism of electrocatalytic
reactions between CoNiS/CF and glucose may include following
processes:

CoS + OH — CoSOH + ¢~ (1)
NiS + OH™ — NiSOH +e™ (2)
Co®* + glucose — Co®* + gluconolactone (3)
Ni** + glucose — Ni** + gluconolactone (4)

The CV curves of the CoNiS/CF electrode towards glucose
(0.3 mM in 0.1 M NaOH) with different scan rates are shown in
Fig. 5(a). When scan rate went from 20 to 120 mV s~ ', the peak
current intensity increased with the increase in scan rate. As
shown in Fig. 5(b), the peak current of the redox peak of glucose
was proportional to the square root of the scan rate, indicating
that the redox reaction of glucose on this electrode was
controlled by a diffusion process.

The current responses of the NiS/CF, CoS/CF, and CoNiS/CF
electrodes were tested by CA with the addition of different
concentrations of glucose to 0.1 M NaOH solution at a voltage of
0.6 V. The amperometric responses of the electrodes are shown
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Fig. 4 (a) CVs of bare CF, NiS/CF, CoS/CF, and CoNiS/CF with and without 0.5 mM glucose in 0.1 M NaOH at a scan rate of 20 mV s~ (b)
Oxidation peak currents of CoS/CF and CoNiS/CF with different Co/Ni feeding ratios. (c) Amperometric responses of the CoNiS/CF electrode
with successive injections of 0.5 mM glucose at different potentials. (d) CVs of CoNiS/CF with different concentrations of glucose in 0.1 M NaOH

at a scan rate of 20 mV s~ %,
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Fig.5 (a) CVs of the CoNiS/CF electrode in 0.1 M KOH containing 0.3 mM glucose at different scan rates (20-120 mV s ™). (b) Linear relationship
between the oxidation/reduction peak current and square root of scan rate.

in Fig. 6(a), and their linear calibration plots are shown in
Fig. 6(b-d). As shown in Fig. 6(b), the linear equation of NiS/CF
was j (mA ecm %) = 2.2365 C (mM) + 0.0029 with R> of 0.998,
which showed a linear relationship with the glucose concen-
tration in the range of 0.005-2.47 mM with a sensitivity of
2.2365 mAmM ' cm ™2 and a detection limit of 2.1 uM. Fig. 6(c)
shows that Co/CF had a linear relationship in the range of
0.005-2.97 mM (j (mA cm %) = 1.8795 C (mM) + 0.0076, R> =
0.997), a sensitivity of 1.8795 mA mM ' cm ™2, and a detection
limit of 4.9 uM. Fig. 6(d) shows that CoNiS/CF had a linear
relationship in the range of 0.005-3.47 mM (j (mA cm™?) =
2.2987 C (mM) + 0.0038, R> = 0.995), a sensitivity of 2.2987 mA
mM ! cm ™2, and a detection limit of 2.0 pM. It can be seen that
the electrochemical catalytic performance of CoNiS/CF was

better than those of NiS/CF and CoS/CF, consistent with the
results of CV measurement. Table 1 is a comparison of the
performance of the as-prepared CoNiS/CF sensor with reported
Co or Ni sulfide based glucose sensors. It can be seen from the
table that our sensor had higher sensitivity and wider linearity
than most of the listed sensors, indicating that the CoNiS/CF
sensor prepared by this simple SILAR method showed good
performance and might be used for the non-enzymatic detec-
tion of glucose.

3.3. Selectivity, reproducibility and stability

In actual glucose testing, common interfering substances in
serum include ascorbic acid (AA), dopamine (DA), uric acid
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Fig. 6 Amperometric response of CoS/CF, NiS/CF and CoNiS/CF electrodes to glucose in 0.1 M NaOH under 0.6 V (a), and the corresponding
linear relationship between the glucose concentration and current response of CoNiS/CF (b), CoS/CF (c), NiS/CF (d).
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Table 1 Comparison of the sensing performance of the prepared CoNiS/CF sensor with previously reported sensors

Electrode Sensitivity (LA mM ' cm ™ ?) Linear range (mM) Detection limit (uM) Ref.
NiCoS/Ti mesh 3290 0.001-3.0 0.12 34
CoS-ED 330 0.08-1.0 — 36
CoS@C/GCE 697 0.01-0.96 2.0 43
CoS-PPy-CP 1110 0.0005-0.4665 0.14 44
CoS/Co-MOF 4600 0.005-1.17 0.11 45

NiS 5.78 0.005-0.06 0.052 46

NiS 54.6 0.02-5.0 0.0083 47
NiS/S-g-C3N, 80 0.001-2.1 1.5 48
NiCo0,S,4/EGF-7 7431.96 0.0005-3.571 0.167 49
P-NiCo0,S,/ITO 250 0.001-5.2 0.46 50
NiC0,S,4/GCE 858.57 0.005-0.1 2.0 51
NiC0,S,/FTO 1890 0.2-2.4 2.226 52
NiCo0,S,/Ni/CFP 283 0.0005-6.0 0.0005 53
CoNiS/CF 2298.7 0.005-3.47 2.0 This work

(UA), and cysteine, whose concentrations are approximately
10% of glucose concentration. Therefore, selective testing is
essential. The procedure was as follows: 0.1 mM of glucose,
0.01 mM of AA, DA, UA, cysteine and 0.1 mM of glucose were
added to 0.1 M NaOH solution; their amperometric responses
are recorded in Fig. 7(a). No interferents produced an evident
current response, whereas the additions of 0.1 M glucose before
and after the interferents produced significant and almost
identical current responses, respectively, indicating that the
CoNiS/CF electrode showed good selectivity to glucose.

Reproducibility and stability are also important factors for
evaluating sensors. Five independent CoNiS/CF electrodes were
used to measure 0.6 M glucose under same conditions. The
relative standard deviation (RSD) of the five amperometric
current responses was 4.0% (Fig. 7(b)). The long-term stability
of CoNiS/CF electrodes was tested by recording the first current
response value I, toward 0.5 mM glucose in 0.1 M NaOH. They
were then stored in a 2-4 °C refrigerator, and the current
response intensity I was tested every five days under same
conditions. As shown in Fig. 7(c), after 25 days, the current
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Fig. 7

(@) Amperometric curves of the CoNiS/CF electrode with the successive addition of 0.1 mM of glucose, 0.01 mM of UA, AA, DA and

cysteine in 0.1 M NaOH. (b) Amperometric currents of five pieces of independent CoNiS/CF electrodes towards 0.5 mM glucose. (c) Stability of
CoNiS/CF electrodes to 0.6 mM glucose tested every 5 days for 25 days.
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Table 2 Comparison of standard glucose concentration and
concentration measured with the CoNiS/CF sensor

Standard Measured
concentration concentration Recovery RSD (%)
Sample (uM) (M) (%) n=>5
1 450 465 103.3 4.50
2 500 525 105.0 3.95
3 550 569 103.4 4.34

intensity ratio /I, of the CoNiS/CF electrode remained above
93%, indicating that the electrodes showed good stability and
could withstand long-term continuous glucose testing.

To examine the practicality of the CoNiS/CF electrode,
commercial serum was added to 0.1 M NaOH containing standard
glucose solution under constant stirring (the added serum was
diluted 1000 times), the current response was recorded by CA, and
the glucose content was calculated according to the linear equa-
tion. The recoveries of the three samples were 103.3-105.0%, and
the RSD of all test results was less than 5.0% (Table 2), indicating
that the sensor was feasible for the detection of actual samples.

4. Conclusions

In summary, a novel CoNiS/CF electrode was fabricated by the
SILAR method for an enzyme-free glucose sensor. The opti-
mized electrode enhanced the electrochemical response and
increased the sensing performance through the synergistic
effect of cobalt and nickel. The sensor was found to have good
electrocatalytic activity for glucose oxidation in 0.1 M NaOH
solution, which exhibited a linear range of 0.005-3.47 mM,
a sensitivity of 2298.7 pA mM ' em 2, and a detection limit of
2.0 pM. In addition, the sensor showed good selectivity, repro-
ducibility and stability. It also achieved satisfactory recoveries
in real serum sample measurement, indicating the application
feasibility of a CoNiS/CF electrode. This study provides a simple
and fast method for the in situ preparation of electrodes for
high-sensitivity glucose sensors.
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