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A nickel sulfide-incorporated sulfur-doped graphitic carbon nitride (NiS/S-g-C3sN4) nanohybrid was utilized
as an interface material for the non-enzymatic sensing of glucose in an alkaline medium (0.1 M NaOH). The
precursors used in the preparation of NiS/S-g-CsN4 hybrid were thiourea and nickel nitrate hexahydrate as
the sulfur and nickel sources, respectively. The HRTEM results reveal that NiS nanoparticles incorporated on
the S-g-CsN4 nanosheet surface could enhance the electrocatalytic activity and electrical conductivity. The
prepared NiS/S-g-CsN4 crystalline nature, surface functionalities, graphitic nature, thermal stability and
surface composition were investigated using XRD, FT-IR, Raman spectroscopy, TGA and XPS analyses.
The NiS/S-g-CsN4 modified electrode was used for the non-enzymatic sensing of glucose at an applied
potential of 0.55 V vs. Ag/AgCl with a detection limit of 1.5 uM (S/N = 3), sensitivity of 80 pA mM™t cm™2
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ecelved 55 marc and the response time of the fabricated sensor was close to 5 s. Different inorganic ions and organic
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substances did not interfere during glucose sensing. The NiS/S-g-CsN4 nanohybrid material could be

DOI: 10.1039/d0na00172d extended for a real sample analysis and open the way for diverse opportunities in the electrochemical
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1. Introduction

Glucose sensing has profound importance in the field of clinical
diagnostics, biotechnology, environmental monitoring, phar-
maceutical analysis and food production.”> The advanced
testing and analyses of glucose levels in blood and urine
samples are key markers to identify diabetics that has an
increased rate of mortality next to cancer. Until now, the
determination of glucose has been carried out by several
methods, including fluorescence® and optical spectroscopy,*
acoustic techniques,” surface plasmon resonance spectros-
copy,® electrochemiluminescence,” and electrochemical tech-
niques.™® The advantage of electrochemical methods over other
techniques is that they are compact, relatively inexpensive,
reliable, sensitive and can achieve real-time analysis. In general,
glucose detection mostly involves enzymatic reactions,® but the
use of enzyme (glucose oxidase) based biosensor are limited due
to the instability of the enzyme activity, expensive fabrication
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cost, change of temperature, pH, and half shelf life. Even
though commercial sensing devices are inferior to enzymatic
systems, the last decade has seen growth in the research interest
in non-enzymatic glucose sensing with different nanomaterials.
The advances in nanotechnology have enabled new possibilities
for making modernistic glucose sensors with non-enzymatic
methods. The poor selectivity and surface fouling problem
could be solved with electrocatalyst nanostructure-based non-
enzymatic sensors and exhibit higher sensitivity compared
with enzymatic systems."”

Glucose enzymatic biosensors require different modification
strategies such as the electropolymerization of enzyme, cross-
linking of enzyme," enzyme entrapping by sol-gel methods,"*
wiring enzyme electrodes of glucose oxidase to electrochemi-
cally mediated polymer chains,* etc., to achieve stability. These
efforts confirmed the stability of enzymatic glucose sensors for
short-term period and facilitate one-time usage only. The
enzymatic glucose sensor based on glucose oxidase is exposed
to thermal and chemical conditions during modification,
storage and usage. To overcome these limitations, non-
enzymatic sensors based on the glucose oxidation reaction
and catalysed by various electrocatalysts such as noble metal
nanoparticles,” transition metal oxides,'**® carbon nano-
tubes,’” gold nanocages,” polymer composites," alloys,*
complexes,”?* Ni;S,/NiMoO, nanowires,” Ag-/Au-NiC0,0,
nanosheets,*® NiO hollow cages,*” porous NiCo,0, nanoarrays,*®
and Ni/Al layered double hydroxides,* have been employed.

This journal is © The Royal Society of Chemistry 2020
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Niu et al. investigated non-enzymatic glucose sensing with
three-dimensional porous nickel nanostructures with a low
detection limit of 0.07 uM.** Huo et al. reported non-enzymatic
glucose detection using 3D-Ni;S, nanosheet arrays supported
on Ni foam with high electrocatalytic activity towards glucose
detection, 1.2 uM, with a high sensitivity of 6148.0 pA mM "
cm™ 2.3 The polymeric semiconductor, graphitic carbon nitride
(g-C3N,), has recently acquired research interest in the area of
electrochemical sensors due to its extensive unique properties.
To increase the electrocatalytic activity and electrical conduc-
tivity, sulfur-based g-C;N, has been tuned for quick electron
transfer.”” Further, Tian et al. analyzed ultrathin graphitic
carbon nitride nanosheets utilized as highly efficient electro-
catalyst materials for glucose biosensing with a limit of detec-
tion and linear range of 11 pM and 1-12 mM, respectively.** Kim
et al. reported nickel sulfide nanostructures for non-enzymatic
glucose sensing with a limit of detection of 0.82 pM.** Also, to
avoid the inactivation of analyte in the reaction solutions,
various metal-based glucose sensors have been exploited. Along
with these metals chalcogenides, the redox chemistry of tran-
sition metal chalcogenides (TMCs) has demonstrated higher
activity of glucose oxidation due to its layer-dependent physical
and chemical properties, which can enhance the redox
activity.** Among various TMCs, nickel sulfide (NiS) has been
widely used as an electrode interface material for the non-
enzymatic detection of glucose due to its high conductivity,
but its use in electrochemical sensors for any analyte in
combination with S-g-C;N, has not been explored to date. Kim
et al. reported morphology-controlled Ni;S, utilized for non-
enzymatic glucose sensors with a 0.82 uM limit of detection.*
The g-C;N, electrochemical sensing activity was limited due to
the surface fouling, chemical inertness and poor conductivity.
Hence, the electrochemical performance of g-C;N, could be
enhanced by hybridization with other nanomaterials applied in
the fabrication of electrochemical sensors.***® Functionalized g-
C;N, and its hybrid/composite materials have been employed
for the electrochemical detection of glucose, nitrobenzene,
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Scheme 1 (A) Schematics for the synthesis of the NiS/S-g-CzNy4
nanohybrid material and (B) schematics for the electrocatalytic
oxidation of glucose at the NiS/S-g-C3N4 modified electrode and its
electrochemical response.
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H,0,, NADH, and mercuric ions.*”** Moreover, Sun and co-
workers investigated the g-C;N, nanosheets utilized in electro-
chemical glucose bio-sensing with an 11 pM LoD in buffer
solution.*® In addition, g-C;N, nanosheets have been exploited
with the enzymatic oxidation of glucose using glucose oxidase.*
Kannan et al. investigated the glucose oxidation through
fabrication of NiS thin films used for a non-enzymatic glucose
sensor with a 0.32 pM LoD and response time of <8 s.** Hence,
in this work, the NiS/S-g-C3N, nanohybrid material was fabri-
cated as the interface matrix and explored as an electrode
material for glucose oxidation (Scheme 1) and the electro-
chemical parameters were investigated.

2. Experimental methods

2.1. Chemicals and reagents

Chemicals such as thiourea (CH,N,S) and nickel nitrate hexa-
hydrate (Ni(NOj3),-6H,0) were purchased from SRL laboratories
and used as received. All other reagents were of analytical grade
and used without further purification. Double distilled water
was utilized throughout the experiments, which was collected
from a MILLIPORE water system.

2.2. Synthesis of NiS-incorporated S-g-C;N, nanosheets

The NiS-incorporated S-g-C;N, nanosheets were synthesized by
the following procedure (Scheme 1A). First, 3 g of thiourea with
600 mg of nickel nitrate hexahydrate were mixed in an agate
mortar and pestle for an hour. The resulting mixture was
transferred to an alumina crucible for calcination at 550 °C for
3 h. It was then allowed to cool down to room temperature in
order to obtain NiS-engulfed S-doped g-C;N,. The bare S-g-C3N,
was prepared by the same procedure without the addition of
nickel nitrate hexahydrate. The prepared samples were denoted
as NiS/S-g-C;N, and S-g-C;N,, respectively.

2.3. Fabrication of the NiS/S-g-C;N,/GCE nanohybrid

The modified glassy carbon electrode (GCE) was fabricated by
dispersing 1 mg of the NiS/S-g-C;N, in 1 mL distilled water and
5 pL of the solution was drop-casted onto a glassy carbon
electrode (GCE) and allowed to dry at room temperature. The
modified GCE was used as a working electrode and it was
designated as NiS/S-g-C3N,/GCE.

3. Results and discussion

3.1. Morphological studies of S-g-C;N,-NiS nanohybrid
materials

The HRTEM images of NiS/S-g-C3;N, are shown in Fig. 1(A and
B). The NiS nanoparticles were randomly incorporated into S-g-
C;3N, nanosheet layers. HRTEM results obviously reveal the
interfacial contacts between NiS and S-g-C3;N,, which promote
the charge transfer and increase the active sites of the catalyst,
thus improving the electrocatalytic activity and electrical
conductivity during glucose sensing. In addition, High Angle
Annular Dark Field - Scanning Transmission Electron Micros-
copy (HAADF-STEM) images confirm the presence of individual

Nanoscale Adv., 2020, 2, 4242-4250 | 4243
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Fig. 1

elements such as Ni, S, C and N in the NiS/S-g-C;N, nanohybrid
materials (Fig. 2(A-F)).

3.2. FT-IR and Raman spectral studies of NiS/S-g-C;N,
nanohybrid material

The surface functionalities and chemical bonding in the
prepared samples were investigated by FT-IR spectroscopy, as
shown in Fig. 3(A). The integration of NiS in S-g-C3;N, did not
significantly alter the FT-IR spectrum of S-g-C;N,. However, the
reduction in the spectrum intensity is said to be due to the
integration of NiS in the NiS/S-g-C;N, nanohybrid material. In
both materials, the FT-IR signal observed in 1200 to 1650 cm ™
could be attributed to the stretching vibrations of heptazine
heterocyclic (C¢N-) units of S-g-C5N,.*> The peak at 810 cm ™' is
due to the breathing vibration of triazine units, which is due to

View Article Online
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(A and B) HRTEM images obtained for the NiS/S-g-C3sN4 nanohybrid material.

the condensed CN heterocycles.*® The bands from 2900 to
3500 cm ™" were attributed to the adsorbed water molecules and
N-H vibration of the uncondensed amine groups. The presence
of these bonds was found in the NiS/S-g-C;N, nanohybrid
material with low intensity due to the integration of NiS, which
induced the change in the chemical bonding. However, NiS/S-g-
C;3N, exhibits a peak at 617 cm™ ", due to the Ni-S stretching
vibration mode of NiS.** The FT-IR spectra of bulk g-C3N,, g-
C3;N, nanosheets, S-g-C3N,, and NiS/S-g-C3N, are shown in
Fig. S1.t¥ There is no significant change in the triazine and
heptazine units in the g-C;N, polymeric network. However, the
intensity variation represents the nature of the chemical
bonding in the different g-C;N, structures. The corresponding
Raman spectra exhibited in Fig. S27 show the G band and D
band; thus, the graphitic nature of the carbon nitride family

Fig. 2

4244 | Nanoscale Adv., 2020, 2, 4242-4250

(A and B) HAADF-STEM image and elemental mapping of (C) Ni, (D) S, (E) C and (F) N in NiS/S-gCzN4 nanohybrid materials.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) FT-IR spectra, (B) XRD patterns and (C) TGA curves obtained for S-g-CzN4 and the NiS/S-g-CsN4 nanohybrid material.

could be confirmed in the bulk g-C;N,, g-C;N, nanosheets, S-g-
C;N,, and NiS/S-g-C;N, samples.

3.3. X-ray diffraction analysis of NiS/S-g-C;N, nanohybrid
materials

The X-ray diffraction (XRD) pattern of the S-g-C3N, and NiS/S-g-
C;N, nanohybrid material was studied to confirm the crystalline
phase and the obtained results are shown in Fig. 3(B). The XRD
pattern of S-g-C;N, shows two main peaks at 26 values of 13.3°
and 27.5°, corresponding to the (100) and (002) planes,
respectively;** thus, the patterns are in good agreement with
JCPDS card no: 00-087-1526. The peak at 27.5° appears due to
the interlayer stacking of conjugated aromatic systems and the
peak at 13.3° is due to the in-plane structural packing of
aromatic systems.** The XRD pattern of the NiS/S-g-C3N,
nanohybrid material shows peaks at 13.3° and 27.5°, corre-
sponding to the (100) and (002) planes, respectively, due to the
presence of S-g-C;N, in the hybrid material. The other peaks at
30.2°, 31.7°, 34.7°, 39.3°, 45.9°, 53.6°, 60.5°, 65.1°, and 73.0°
correspond to the (100), (200), (101), (211), (102), (110), (103),
(201), and (202) planes due to the existence of NiS in the NiS/S-g-
C;N, nanohybrid material, respectively, and these peaks match
well with JCPDS card no: 01-083-0575.

3.4. Thermo-gravimetric analysis of NiS/S-g-C;N,
nanohybrid material

The thermal stability and the composition of the prepared
sample was studied using the thermo-gravimetric analysis

This journal is © The Royal Society of Chemistry 2020

(TGA) curves obtained at a heating rate of 10 °C min~ " under air
atmosphere from room temperature to 800 °C. As shown in
Fig. 3(C), the NiS/S-g-C3N, nanohybrid material decomposes at
lower temperatures compared with pure S-g-C;N,. When the
increase in temperature is over 700 °C, the S-g-C;N, undergoes
complete decomposition. The combustion temperature of the
nanohybrid material is reduced due to the presence of
embedded NiS particles in the S-g-C3;N,.

3.5. X-ray photoelectron spectroscopy studies of the NiS/S-g-
C;N, nanohybrid material

The surface composition and oxidation states of the elements in
NiS/S-g-C;N, were confirmed by X-ray photoelectron spectro-
scopic (XPS) analysis and the results shown in Fig. 4. The survey
scan for the NiS/S-g-C;N, nanohybrid material reveals the
presence of C, N, Ni and S (Fig. 4(A)). The C 1s core-level spec-
trum (Fig. 4(B)) was deconvoluted into three peaks at 285.7,
284.8 and 282.2 eV, which correspond to N=C-N, in which sp>
bonded, C-O species on the g-C;N, surface, and C-C are present
in the g-C3N, surface, respectively.*”** The deconvoluted peaks
for the N 1s core-level spectrum (Fig. 4(C)) are due to the pres-
ence of triazine rings C=N-C (403.2 eV), tertiary nitrogen N-
(C); (405.3 eV) and amino functional groups (C-N-H) (407.3 eV),
respectively.”® Fig. 4(D) shows peaks at 860.5 and 862.4 eV in the
Ni 2p spectrum, which are associated with Ni 2p;, and its
satellite peak, and the peaks at 880.2 and 867.7 eV correspond to
Ni 2p,), and its satellite peak® in NiS/S-g-C;N,. The S 2p spec-
trum in Fig. 4(E) shows four main peaks at 160.0, 161.5, 163.1
and 165.4 eV. The peaks at 161.5 and 163.1 eV are attributed to

Nanoscale Adv., 2020, 2, 4242-4250 | 4245
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Fig. 4 XPS spectra of the NiS/S-g-CzN4 nanohybrid material (A) survey scan, (B) C 1s, (C) N 1s, (D) Ni 2p, and (E) S 2p core-level spectra.

the 2p;;, and 2py, of thiophene-S (-C-S-C-) due to spin-orbit
coupling, while the peaks at 160.0 eV and 165.4 eV associated
with S 2p,/, and S 2p;3),, respectively, are consistent with the S 2p
of NiS in NiS/S-g-C3;N,.>* The XPS survey scan for S-g-C;N, and
its corresponding C 1s, N 1s and S 2p core-level spectra are
shown in Fig. S3t for comparison.

3.6. Electrochemical studies of the NiS/S-¢-C;N,/GCE
modified electrode

Prior to the electrochemical measurements, the electrode-
dependent properties of the modified electrode were

4246 | Nanoscale Adv., 2020, 2, 4242-4250

compared with the benchmark ferricyanide (Fe(CN)s*/*")
system in the potential window of —0.2 V to +0.8 V vs. Ag/AgCl
(Fig. 5). The redox peak response of bare GCE at —0.2 V vs.
Ag/AgCl corresponds to the oxidation/reduction process of the
1 mM Fe(CN)s*>’*~ in 0.1 M KCl solution. On modifying the
bare electrode with S-g-C5N,, deviation in the peak current and
a distorted peak potential were observed, which shows the
limited electron transfer behavior of the modified S-g-C;N,. To
increase and facilitate the electron transfer behavior of the
modified electrode, the NiS-incorporated S-g-C;N, nanohybrid
material was chosen as an electrode modifier and the redox

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (A) Comparative CV responses of bare GCE, S-g-C3N4/GCE, and NiS/S-g-C3zN4/GCE in 5 mM Ksz[Fe(CN)gl in 0.5 M KCl solution, (B)

comparative CVs of step by step modification of bare GCE, bare GCE with 0.5 mM of glucose, NiS/S-g-C3N4 modified GCE and NiS/S-g-CzN4
modified GCE with 0.5 mM of glucose in 0.1 M NaOH solution at a scan rate of 50 mV s *and (C) CV responses of different scan rates (10-100 mV
s7Y with 0.5 mM glucose at the NiS/S-g-C3N,4 modified GCE in 0.1 M NaOH solution. Inset: plot of anodic (ina) and cathodic peak current (ipc) vs.
scan rate were obtained for 0.5 mM glucose at NiS/S-g-C3sN4 modified GCE in 0.1 M NaOH solution.

response in the ferricyanide solution shows a defined peak at
+0.2 V as well as an additional peak corresponding to nickel
sulfide at +0.65 V vs. Ag/AgCl with an iy, and peak to peak
separation value of 285 pA cm™ > and 90 mV, respectively. The
influence of electrolyte pH on glucose oxidation was studied for
the NiS/S-g-C;N, modified electrode using cyclic voltammetry.
Starting from acidic pH 3 to neutral pH, the glucose response
was negligible whereas, the modified system exhibited higher
oxidation at higher pH 8-11, which showed the NiS interface
oxidized the glucose at its maximum only in an alkaline
medium. Hence, 0.1 M NaOH was used as the supporting
electrolyte throughout the experiments. In addition, different
loadings of material (0.5, 1.0, and 1.5 mg mL ') were monitored
for the NiS/S-g-C3;N, nanohybrid modified system. The glucose
oxidation response was found to increase for the loading of NiS/
S-g-C3N, up to 1 mg mL~ " whereas, a decrease in the oxidation
current was observed in the higher loading concentration of
1.5 mg mL ' of g-C;N, (Fig. S51).

In order to verify the electrocatalytic performance of the NiS/
S-g-C3;N, nanohybrid material, CV measurements were recorded
in 0.1 M NaOH solution containing 0.5 mM glucose, as shown
in Fig. 5(B). The unmodified GCE did not show any appreciable
electrocatalytic response. The significant peak current due to

This journal is © The Royal Society of Chemistry 2020

glucose oxidation was observed upon bare GC/NiS modification
(Fig. s6t) whereas, the NiS/S-g-C;N, modified GCE showed
a greater anodic peak current response after the addition of
0.5 mM glucose in the NaOH solution.

This clearly indicates that the NiS/S-g-C;N, modified elec-
trode has good electrocatalytic performance towards the electro-
oxidation of glucose in alkaline medium. Kim et al. reported
nickel sulfide as an electroctalyst material for non-enzymatic
glucose sensing.*® Sonkar et al. investigated non-enzymatic
electrochemical sensing based on nickel complex-immobilized
multiwall carbon nanotubes for glucose determination.”® The
effect of scan rate was studied for NiS/S-g-C;N,/GCE by varying
the scan rates ranging from 10 to 100 mV s~ ' in Fe(CN)> /4~
dissolved in 0.1 M KCl as a supporting electrolyte. The oxidation
and reduction peak currents of the modified electrode linearly
increased by varying different applied scan rates on the elec-
trode surface. The dual peak at +0.2 V and +0.65 V vs. Ag/AgCl
were found to linearly trend with the respective scan rates, as
shown in Fig. S4,t indicating that the Fe(CN)s*> '*~ redox couple
is a diffusion-controlled process at NiS/S-g-C;N,/GCE. The
regression coefficient was calculated to be R> = 0.9998. The
dependence of the peak current (I,) and potential (E},) with the
scan rate (v) were then taken into account to analyze the glucose

Nanoscale Adv., 2020, 2, 4242-4250 | 4247


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00172d

Open Access Article. Published on 30 July 2020. Downloaded on 4/1/2026 9:16:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

s~ 600+

2

R? =0.99934

400+

Current density (vA cm-2)
8

00 02 04 06 038
Concentration (uM)

2004

Current density (LA cm

i

03 04 05
E/V (vs. Ag/AgCl)

01 02

View Article Online

Paper
200}
g R=0.99976
< 120,
1601}% ., /
s A
120 0 500 1000 1500 2000 2

Concentration (M)

o
o

Current density (LA cm)
8

B

200 400 600 800 1000 1200 1400
Time /s

Fig.6 (A) LSV responses of NiS/S-g-CsN4/GCE in 0.1 M NaOH solution at a scan rate of 10 mV s~ * with different concentrations of glucose (0 to 1
mM); inset: calibration plot between current density vs. glucose concentration and (B) amperometric J-T response of NiS/S-g-CsN4 modified
GCE upon spiking with sequential additions of 100 pM glucose in 0.1 M NaOH at 0.55 V vs. Ag/AgClL.

oxidation in 0.1 M NaOH as a supporting electrolyte. The
addition of 0.5 mM glucose with different scan rates ranging
from 10-100 mV s~ was plotted in the inset of Fig. 5(C), which
exhibits the diffusion-controlled electron transfer nature of the
electrode. The obtained slope value, being greater than the
theoretically expected value of 0.5 for a reversible process,
suggests that the electrocatalytic oxidation of glucose can ach-
ieve the maximum. To show the steep increase in the concen-
tration of glucose, linear sweep voltammetry was used. The
linear increase in the oxidation current was obtained by each
addition of increasing concentration glucose from 0 to 1 mM
Fig. 6(A). From the slope value, the sensitivity was found to be
118 pAmM ™' em™? and the R? value was 0.9993, which confirms
the linear response of the modification.

Based on the above findings from cyclic voltammetry
experiments, the typical amperometric responses of the NiS/S-g-
C;N, modified GCE with the successive addition of glucose in

and the results obtained are plotted in Fig. 6(B). A stepwise
oxidation in the peak current with respect to increasing
concentrations of glucose was observed, which in turn acts as
a sensitive non-enzymatic glucose sensor with good linear range
up to the concentration of 2.1 mM. The limit of quantification
(LOQ) was calculated to be 1 puM. The NiS/S-g-C3N, also
exhibited a high sensitivity of 80 nA mM™' ecm > and the
response time of the fabricated sensor was the average of the
stepwise increment from the amperometric /-¢ curve during the
glucose addition and the calibration plot between the steady
state current density vs. glucose concentration, which was close
to 5 s. The developed sensor showed an excellent detection of
glucose even at low concentrations with a limit of detection
(LOD) of 1.5 uM (S/N = 3). From the amperometric -t curve, the
diffusion coefficient was calculated by the following Cottrell
equation,**

the concentration ranges from 1 to 2100 pM were investigated i = nFAD"cim!?'? (1)
Table 1 Various modified electrodes and their analytical performance in non-enzymatic glucose sensing®

Determination Linear range Sensitivity
CME Reaction method  techniques involved (UM to mM) (MAmM™'em™)  LOD (uM)  Ref.
2-C;3;N,/Fe,03;-Cu composite Non enzymatic CV, Amp I-t 0.6-2.0 — 0.3 57
Bulk Ni Non enzymatic CV, EIS, CA, Amp I-t 0.5to 4 2900 13 30
2-C;N, nanosheets Enzymatic CV, EIS, Amp I-¢t 50-2 21.7 5 40
3D Ni;S, nanosheets/Ni foam Non enzymatic CV, EIS, CA, Amp I-t 0.005-3.0 6148.0 1.2 31
Ni;S,/carbon nanotube Non enzymatic CV, EIS, CA, Amp I-t 30 to 0.5 345 1 58
2-C;N, nanosheets Non enzymatic CV, EIS, Amp I-t 1to 12 — 11 32
NiS/rGO nanohybrid Non enzymatic CV, LSV, Amp I-¢t 50-1.7 — 10 59
PVP-NiS Non enzymatic CV, DPV, Amp I-t 0.2-2.97 1013.76 4.6 60
Au-NiC0,0,/Ni foam Non enzymatic CA, Amp I-t 0.005-0.045 44.86 2.64 26
Hierarchical NizS, electrode Non enzymatic CV, EIS, Amp I-t 0.0005-3 16 460 0.82 33
NiS/S-g-C;N, Non enzymatic CV, LSV, Amp I-t 0.1to 2.1 80 1.5 This work

“ CME - chemically modified electrode; CB - carbon black; NiS - nickel sulfide; CV - cyclic voltammetry; Amp I-t - amperometry; g-C3N, — graphitic
carbon nitride; Fe,O; - iron oxide; Cu - copper; Ni - nickel; CA - chronoamperometry; EIS - electrochemical impedance spectroscopy; Au-NiCo,0,/
Ni - gold-nickel cobalt oxide/nickel; Ni;S, — nickel sulfide; rGO - reduced graphene oxide; PVP - polyvinylpyrrolidone; DPV - differential pulse
voltammetry; LSV - linear sweep voltammetry.
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where D represents the diffusion coefficient (cm?®s™%), n, ¢, F, A
and i are the number of electrons transferred, the bulk
concentration of glucose (mol cm™?), Faraday constant, surface
area of GCE and the current controlled by the diffusion of
glucose from the bulk solution to the electrode/solution inter-
face.”** On substituting the corresponding values into the
Cottrell equation, the diffusion coefficient of glucose was
calculated as 6.54 x 10 ecm® s .

Table 1 summarizes a comparison of different electro-
chemical enzyme-less sensors using graphitic nitride and nickel
sulfide based combinations for glucose sensing that indicated
that the developed NiS/S-g-C3;N, sensor shows similar sensitivity
and selectivity to previously reported materials.

Selectivity is an important property in sensor development
for practical applications. The anti-inference effect with other
common interfering chemicals present in the serum constitu-
ents was tested with glucose. Amperometric measurements
were used to monitor the selective detection of glucose (200 uM)
in the presence of important biomolecules (20 uM) like ascorbic
acid, dopamine, uric acid, lactose, and sucrose, and metal ions
like magnesium (Mg®") and calcium (Ca®") (400 uM). The
glucose detection by amperometric signal was not significantly
impacted in the presence of interfering compounds. The ob-
tained current values for the interference compounds are given
in the bar diagram in Fig. 7. This clearly shows the good
selectivity of the present modified electrode. Further, the
reproducibility of the present sensor was evaluated by amper-
ometric measurements using the NiS/S-g-C;N, modified GC
electrode. The reproducibility of the measurement was verified
by fabricating four different NiS/S-g-C;N, modified electrodes
and checking their glucose response (300 puM). The current
deviation for the four electrodes is 4.4%, indicating that the
present electrode fabrication and the glucose detection proce-
dure are highly reproducible (Fig. S7t). The stability of the
sensor was also checked by measuring the oxidation peak
current density towards 300 uM glucose after 7 days. The
current response was observed to decrease only to 92.77% after
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Fig. 7 Selectivity studies using the NiS/S-g-CsN4 modified electrode
with various interference compounds.
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7 days of storage, clearly indicating that the developed sensor
system is highly stable (Fig. S87).

4. Conclusion

The present work demonstrated a simple and modest electrode
fabrication for the non-enzymatic electrochemical sensing of
glucose with nickel sulfide and sulfur-doped graphitic carbon
nitride (NiS/S-g-C3N,) in a 0.1 M NaOH medium. The NiS/S-g-
C;N, nanohybrid material was prepared by a simple single-step
pyrolysis method. The morphological study reveals that the
successful incorporation of NiS nanoparticles on the S-g-C;N,
nanosheet surface benefits the sensor electrode by promoting
electrocatalytic processes and electrical conductivity. In order to
show the enhanced electrocatalytic behavior of glucose, the LSV
technique was utilized in which a linear increase in the anodic
peak current due to glucose oxidation was observed. The
prepared NiS/S-g-C;N, nanohybrid material was utilized in
glucose sensing and showed a limit of detection of 1.5 uM (S/N
= 3) with a sensitivity of 80 pA mM " cm ™2 and the response
time of the fabricated sensor was close to 5 s. The presence of
inorganic ions and organic substances did not interfere with the
glucose sensing. Other biosensor requirement studies and the
test results were also satisfactory. The NiS/S-g-C;N, nanohybrid
material could expand the various opportunities of the elec-
trochemical sensing of glucose.
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