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g r a p h i c a l a b s t r a c t
� The NiO@SDHCNSs hybrid nano-
composites were prepared by simple
hydrothermal method.
� The obtained nanocomposites were
employed to develop non-enzymatic
glucose sensor.
� The resulted sensor exhibited good
selectivity and reproducibility.
� A wide linear range (0.001e13mM)
with low detection limits (~52 nM)
was demonstrated.
� The practical determination of
glucose in blood serum and urine
samples were also demonstrated.
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Development of selective, sensitive and non-enzymatic sensor for glucose determination is highly
important for the diagnosis and management of diabetes. Herein, we have reported the novel ultra
sensitive and non-enzymatic sensor development by in-situ wraped NiO nanostructures (~10e15 nm) on
the sulfur-doped hollow carbon nanospheres (SDHCNSs) through hydrothermal-assisted process. The
structural and morphological properties of the nanocomposites were characterized by X-ray diffraction
(XRD), Raman spectroscopy, field emission scanning electron microscopy (FE-SEM), transmission elec-
tron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) techniques. The prepared
NiO@SDHCNSs was directly used as an electrochemical sensor for glucose determination, and its per-
formance was evaluated by cyclic voltammetry and amperometric techniques. The fabricated non-
enzymatic biosensor was exhibited remarkably good sensitivity (1697 mA mM�1cm�2), low detection
limit (LOD) (52 nM), a wide linear range (up to 13mM) of glucose with desirable selectivity, stability and
reproducibility. Further, the constructed sensor has demonstrated an excellent anti-interference property
in the presence of common interferences such as dopamine (DA), uric acid (UA) and ascorbic acid (AA).
Most interestingly, the fabricated electrode is applicable for the practical analysis of glucose in the real
blood serum and urine samples. The excellent electrochemical performances of NiO@SDHCNSs towards
the oxidation of glucose are attributed to the increased electron transfer passage through unique hollow
spherical morphology with increased redox couple of Ni(OH)2/NiOOH derived from NiO. Thus, the
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Scheme 1. Schematic diagram of
improved electrochemical performances of NiO@SDHCNSs can be adopted as a potential electrode for the
real sample analysis.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

It is well-known that the insulin is a peptide hormone which
controls the glucose level in the bloodstream. When the insulin
secretions are not properly regulated, metabolic diseases such as
diabetes is developed [1]. Diabetes is one of the most widespread
diseases that affect the human population globally. The World
Health Organization has reported that around 347million people in
the worldwide suffering from diabetes [2]. The amount of glucose
level in whole blood for healthy individuals is between 3.9 and
6.1mM, while in a diabetic patient it is more than 6.1mM [3].
Precise monitoring of the glucose level at point-of-care lower level
of blood-glucose measurement is important and necessary to
manage diabetes. Longtime high level of blood glucose can lead to
the eye, kidney, heart, blood vessels and nerve chronic damages.
Therefore, the quantitative precise detection of blood glucose is
highly significant in the clinical analysis [4] (Scheme 1).

As a result, much attention has been paid to develop sensitive,
selective, and cost-effective glucose sensors for in-vitro or in-vivo
glucose measurement. So far, several methods based on fluores-
cence [5], optical [6], acoustic [7], surface plasmon resonances [8],
electronic [9] and electrochemical methods have been explored for
a suggested mechanism for the oxid
the determination of glucose. Among such methods, electro-
chemical methods have been widely used due to their simplicity,
selectivity, high sensitivity, quick measurement, low cost, and
portability [10e12]. Majority of the conventional biosensors
[13e15] for glucose monitoring is involved the use of glucose oxi-
dase (GOD) or glucose dehydrogenase enzymes in which glucose
molecules react with saturated oxygen in the blood to produce
gluconolactone and hydrogen peroxide (H2O2) under mild condi-
tions [16]. However, the glucose oxidase is sensitive to various
environmental factors, such as temperature, humidity, and pH [17].
Moreover, the immobilization as well as degradation of glucose
oxidase is a complicated and expensive process. However, these
enzymatic sensors could not be reused for the continuous glucose
monitoring because of the adsorption of proteins from blood and
also the poor stability of the enzyme, additionally the interference
of some electro-oxidizable species found in blood [18]. Because of
these issues, it is highly necessary to develop a non-enzymatic
glucose sensor which seems to be an alternative technique for
blood glucose analysis. Especially, the synthesis of an excellent
catalyst for the direct electro oxidation of glucose is the crucial step
in the construction of non-enzymatic glucose sensors.

To date, various micro/nanostructured materials especially
ation of glucose at a NiO@SDHCNSs modified electrode in alkali.
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noble metals (Pt, Au, Pd, Ru and Rh), and metal alloys (Pt-Au, Pt-Ru,
Ni-Pd and Pt-Pb) have been explored as electrode materials to
develop enzyme-free glucose sensor and exhibited good analytical
performance for glucose detection [19]. Nevertheless, these
precious metal electrodes are suffering from slow kinetics and
surface fouling due to the absorption of intermediates and chloride
ion leads to poor operational stability [20]. In addition, the high cost
of electrode materials limiting their commercial applications,
hence the ability to produce glucose sensor in large numbers at low
cost is a major market requirement.

To alleviate the above-discussed problems, recently many
glucose sensors were developed using various non-noble metal
compounds such as Co, Ni, Cu, NiO, CoO4, WO3, TiO2, Cu2O, CeO2,
RuO2, MnO2 and ZnO, etc, [21]. Among these materials, enzyme-
free electrochemical oxidation of glucose is greatly enhanced at
Ni, NiO or Ni(OH)2 based electrode due to their inherent redox
behaviour (Ni2þ/Ni3þ), oxyhydroxide species (NiOOH) formation in
alkaline medium, high electro-active surface area, biocompatibility
and relatively low-cost, making it suitable for the fabrication of
sensors in batch [22,23]. Therefore, several Ni nanoparticles based
enzyme-free biosensors for glucose have been reported which
showed great enhancement in the electro-oxidation of glucose
compared to other metallic nanoparticles based electrodes [24,25].
Lu et al. [17], has been reported the application of nano-Ni nano-
wire arrays modified electrode for the amperometric sensing of
glucose. Similarly, a 3D-porous nickel nanomaterial was proposed
as a non-enzymatic electrochemical glucose sensor [26]. However,
the gradual diminishing of Ni-based electrodes catalytic activity
and surface fouling problems raised from the Ni nanostructure
formed close-packed structure after assembled on the electrode
surface which would reduce their specific surface area and elec-
trocatalytic activity and thus hinders their electrochemical perfor-
mances [22]. To overcome these issues, novel electrode material
with good operational stability and anti-fouling performances are
still highly desirable in the development of Ni-based glucose
sensor.

Therefore, various carbon nanostructures such as graphene
[27,28], carbon nanotubes (CNTs) [29], carbon nanofiber [7,30]
fullerenes [31], carbon black (CB) [32,33], printex carbon [34,35]
and carbon spherical shells (CSSs) [36] have been used extensively
in biosensors. However, the high cost of the equipment and safety
issues regarding the synthesis procedure of graphene, CNT and
fullerenes have limited the commercial applications. Therefore,
carbon nanoparticles are used as an alternative to the prestigious
carbon forms such as graphene, CNTs and fullerenes. In particular,
hollow carbonaceous spheres have attracted great attention due to
their unique properties, such as high surface-to-volume ratio, long
transport length for mass and charge transport, interior voids, low
density, excellent thermal, chemical stability and surface perme-
ability etc., [37e39]. The carbon precursor employed for the prep-
aration of carbon nanoparticles exhibits a pivotal effect on the
physical and chemical properties of the final carbonaceous mate-
rials. Recent years, glucose has been used as renewable and inex-
pensive carbon source for carbon nanoparticles synthesis; however,
the majority of the resulting carbonaceous materials are bulk car-
bon without functional atoms or groups in their matrix [40]. The
properties of the resulting carbonaceous nanoparticles can be
tuned to the doping of heteroatoms such as nitrogen, boron, and
sulfur etc. It is well known that the sulfur dopants can remarkably
increase the electronic conductivity through improved electron-
donor performance and increased binding active sites. Recently,
Karikalan et al. [1], have reported the sulfur doped carbon nano-
particles through flame synthesis and Ni(OH)2 nanoparticle deco-
rated on the carbon nanoparticles by the co-precipitation method.
Obviously, this method involves a quite complicate multiple
processes. However, to the best of our knowledge, there is no report
to prepare the metal or metal oxide decorated carbonaceous
nanosphere by a simple and scalable all-in-one pathway route,
which still remains as a significant challenge.

Herein, we have developed a straightforward one-step and
versatile hydrothermal method to prepare NiO nanoparticles
decorated S-doped hollow carbon nanospheres (SDHCNSs) using a
cost-effective and easily available glucose and thiourea as carbon
and sulfur precursors respectively. The formation of NiO@SDHCNSs
nanoparticles was confirmed by various physical characterizations
and used to analyze the glucose level in biological samples without
the combination of additional enzyme or mediator. It was found
that it exhibits an excellent glucose sensing performance in terms
of selectivity, sensitivity, stability, lower detection limit, and linear
range of catalytic current due to the hollow architecture of carbon
spheres can act as a nanoreactor provides controlled pathways for
the NiO nanoparticles and vast surface area to boost their electro-
catalytic activity continuously.

2. Materials and methods

2.1. Materials

D-(þ)-Glucose, Nickel (II) chloride hexahydrate (NiCl2$6H2O),
Sodium hydroxide (NaOH), Isopropyl alcohol (C3H8O), Ammonia
(NH3) solution, Thiourea (CH4N2S), and Potassium chloride (KCl)
were obtained from Sigma-Aldrich (India), Potassium ferrocyanide
trihydrate (K4Fe(CN)6$3H2O), and potassium ferricyanide
(K3Fe(CN)6) were purchased from Himedia-India. Uric acid (UA), L-
ascorbic acid (AA), and Dopamine (DA) were purchased from Alfa
Aesar-India and were used as-received without any further purifi-
cation. All other reagents were of analytical grade and doubly
distilled water was used throughout the experiment.

2.2. Preparation of sulfur doped hollow carbon nanospheres
(SDHCNSs)

We have developed a simple strategy to turn glucose-derived
carbon spheres into S-doped activated carbon spheres with a hi-
erarchical hollow structure by introducing sulfur source in the
preparation process followed by KOH activation. More interest-
ingly, the S-doped KOH activated carbons spheres are bigger than
the undoped one. S-doped hollow carbon nanospheres (SDHCNSs)
were prepared through a simple hydrothermal treatment of D-
glucose with thiourea and later KOH activation. In a typical syn-
thesis, a homogeneous glucose colourless transparent solution was
prepared by dissolving 10 g of glucose monohydrate in 80mL
deionized water by 30min stirring followed by thiourea sulfur
source was added into the above solution at a weight ratio of 1:5
and the as-obtained precursor solution was transferred to 100mL
capacity Teflon-lined stainless steel sealed autoclave and heat
treated at 180 �C for 12 h. After the reaction completion, the pre-
cipitate was washed with water and ethanol then dried at 80 �C
overnight to yield the sulfur-doped carbon nanospheres (SDCNSs).
Finally, the SDHCNSs samplewas further activated by KOH in the N2
atmosphere at 650 �C (with a heating rate of 5 �C/min) to obtain the
sulfur-doped activated hollow carbon nanospheres (SDHCNSs).

2.3. Synthesis of NiO@SDHCNSs nanocomposite

The as-prepared 50mg of SDHCNSs were dispersed in 70mL
(1:1) solution of isopropyl alcohol and double distilled water by
30min sonication, a homogeneous slurry was formed. Then 0.13 g
of Nickel chloride hexahydrate (35mmol) and 0.05 g of HMTA
(Hexamethylenetetramine) (70mmol) were added with the above



Fig. 1. (I) XRD and (II) Raman spectra of (a) SDHCNSs (b) NiO, and (c) NiO-SDHCNSs
nanocomposites.
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slurry and stirred for 2 h at room temperature. The molar ratio of
HMTA to NiCl2 was maintained at 2:1 ratio. The above mixture
solution was transferred into a 100mL Teflon-lined stainless steel
autoclave and maintained at 160 �C for 10 h and then gradually
cooled down to room temperature. After the hydrothermal treat-
ment, the NiO decorated SDHCNSs nanocomposites were collected
by centrifugation, washed with water, and ethanol and dried at
80 �C for 6 h in a vacuum oven. In addition, for comparison, pure
NiO was also prepared under identical hydrothermal conditions
followed as above, without the addition of SDHCNSs.

2.4. Fabrication of NiO@SDHCNSs nanocomposite modified
electrodes

To fabricate the NiO@SDHCNSs nanoparticles modified elec-
trode for the glucose sensor, the NiO@SDHCNSs (1mg in 1mL) was
dispersed in double distilled water by sonication. Meanwhile, a
glassy carbon electrode (GCE) with a 3mm diameter was carefully
polished on a polishing cloth with 1.0, 0.3 and 0.05 mm alumina
powder and rinsed thoroughly with doubly distilled water. The
homogeneous dispersion of NiO@SDHCNSs was drop caste (10 mL)
onto the surface of GC electrode and air dried. In addition, carbon
nanosphere, S-doped carbon nanosphere, KOH activated SDHCNS
and pure NiO modified GC electrodes were also prepared by the
above-mentioned process for comparison. The modified GC elec-
trodes were subjected to investigate the electrochemical behaviour
of modified electrodes and glucose oxidation.

2.5. Apparatus

The structural and morphological characteristics of SDHCNSs,
pure NiO and NiO@SDHCNSs were analyzed by X-ray diffraction
(XRD) patterns characterized by using PANalytical X'Pert Pro
diffractometer with Cu-Ka radiation (l¼ 0.154065 nm) in the angle
range of 20e80�. The Raman spectra were recorded for all the
samples at room temperature by using Raman spectroscopy
(HR800 LabRam, Horiba/Jobin-Yvon) in an excitationwavelength of
532 nm. Morphology of the undoped, doped, activated carbon
nanospheres, pure NiO and NiO@SDHCNSs nanocomposite was
studied by field emission-scanning electron microscope (FE-SEM)
JEOLS-3000H and transmission electron microscopy (TEM) JEM-
2010 (HR) instruments. The elemental analysis was carried out
with X-ray photoelectron spectroscopy (XPS) AXIS ULTRA DLD at an
accelerating voltage of 15 kV. Fourier transform infrared (FT-IR)
spectra were recorded for all the synthesized samples for their
chemical composition on SHIMADZU FT-IR spectrometer using the
KBr pellet method in the range of 400e4000 cm�1.

All the electrochemical characterization was carried out with a
conventional three-electrode system using an electrochemical
workstation (CHI 6131D, Austin, USA). The modified GC electrodes
with the synthesized samples were used as a working electrode; a
Pt wire and a saturated calomel electrode (SCE) were served as the
counter and reference electrodes respectively. The cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS)
measurements were carried out by using three electrode system in
0.1M KCl containing 1.0mM [Fe(CN)6]3-/4- redox couple. The cyclic
voltammetry measurements were performed in the potential range
from �0.2 V to 0.6 V at a scan rate of 50mV S�1. The EIS measure-
ments were carried out by applying an AC potential of amplitude
5mV over the DC potential of 250mV in a frequency range of
100 KHz e100 Hz. For the glucose oxidation, cyclic voltammetry
(CV), linear sweep voltammograms (LSV) and amperometry tech-
niques were utilized in 0.1M NaOH solution using the aforemen-
tioned three electrode system. The high pure N2 gas was purged
into the solution for 15min before the electrochemical test and
overflowed to prevent atmospheric O2 entry into the electrolytic
solution during the measurements.
3. Results and discussion

3.1. Structural, composition and morphologies of the SDHCNSs, NiO
and NiO@SDHCNSs nanocomposite

The X-ray diffraction (XRD) patterns of the synthesized KOH
activated SDHCNSs, bare NiO and NiO-SDHCNSs nanocomposite are
shown in Fig. 1 (I) (a), (b) and (c). Bare NiO and NiO decorated
SDHCNSs samples exhibits four prominent peaks at the 2q value of
37.2, 43.2, 62.9 and 75.4, which can be well indexed as (111), (200),
(220) and (311) crystal planes of the cubic NiO phase (JCPDS No:
47e1049), respectively. It is noteworthy that no other peaks are
identified indicating that the samples have good phase purity. The
XRD pattern of NiO@SDHCNSs exhibited a new broad peak centred
at 25.3 (2q) attributed to the (002) plane of graphite. The intensity
ratio between the planes (200) and (111) for the bare NiO nano-
particles is 1.69. However, the ratio between the (200) and (111)
planes of synthesized NiO@SDHCNSs is 0.55 indicating the growth
of NiO is in a particular planes are restricted and thus the intensity
of the respective peaks are reduced and consequently their
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particles size are dramatically controlled at smallest size [41].
Addition of SDHCNSs makes the diffraction peaks weaker and
broader, suggesting the smaller crystallite size of NiO nanoparticles
in NiO@SDHCNSs compared with the bare NiO. Thus, the XRD re-
sults demonstrate that the NiO homogenously dispersed with
uniformly formed sulfur-doped hollow carbon nanospheres. The
crystallite size of NiO and NiO@SDHCNSs nanocomposite was
~32 nm and ~58 nm respectively, measured using Scherrer formula
[42].

The formation of NiO nanoparticles on the SDHCNSs surface was
confirmed by morphological characterization (FESEM and TEM).
The formation of hollow structure is quite complicated to resolve
the structure of as-prepared nanocomposite because it is ques-
tionable to the formation of NiO on the SDHCNSs composite
without any external oxidant. However, the formation of nano-
composite probably involves three steps. First, the carbon spheres
were formed through dehydration of glucose and subsequently
carbonization of the organic compounds. Secondly, Melt-diffusion
method was used for sulfur impregnation in the carbon nano-
sphere to form SDCNs formation. The surface of sulfur-doped car-
bon nanospheres was achieved by KOH activation. Finally, Ni2þ ions
were adsorbed onto the surface of activated SDHCNSs through
electrostatic interactions and formed NiO. Meanwhile, the slow
hydrolysis of HMTA results in the release of OH� ions into the so-
lution. Thus the Ni2þ ions can combine with OH� ions to form
Ni(OH)2. Because of heterogeneous nucleation growth more
Ni(OH)2 nanoparticles were deposited on the SDHCNSs. Finally, the
Ni(OH)2/SDHCNSs were dried at 120 �C for overnight to convert
Ni(OH)2 into NiO and obtained NiO/SDHCNSs hybrid nano-
structures [43].

We confirmed that the as-prepared compound is NiO and pro-
posed the possible reaction mechanism for the formation of NiO
decorated on SDHCNSs nanocomposite shown below Equations
(1)e(4).

C6H12N4 þ 6H2O / 6H2CO þ 4NH3 (1)

NH3 þ H2O 4 NH4
þ þ OH� (2)

Ni2þ þ 2OH�4 Ni(OH)2 (3)

Ni(OH)2 / NiO þ H2O (4)

The Raman spectrum was used to examine the phase of NiO on
the SDHCNSs and also disorders of SDHCNSs was studied through
the Raman spectroscopy which is a powerful and non-destructive
tool to characterize the carbonaceous materials. Fig. 1 (II) (a), (b),
and (c) show the Raman spectrum of KOH activated SDHCNSs, bare
NiO and NiO@SDHCNSs nanocomposites, respectively. Three
Raman peaks were observed at 506, 663 and 1090 cm�1 for bare
NiO nanoparticles, which could be attributed to the first-order
transverse optical mode (TOM), longitudinal optical mode (LOM)
and 2TOM phonon mode of NiO, respectively [44]. The Raman
spectra of SDHCNSs exhibits two broad bands at 1319 and
1539 cm�1, the observed peaks correspond to the D (disordered)
band arising from a breathing mode of k-point phonons with A1g
symmetry and G (graphitic) band arising from the first order
scattering of the Eg phonon of sp2 carbon domains [45]. The D is
normally associatedwith structural defects, an amorphous phase or
edges of the carbon that tend to spoil the symmetry. The relative
intensity ratio for the D and G bands gives the information about
the compounds disorder and crystallinity. Therefore, the intensity
ratio of the D vs G band (ID/IG ratio) is usually used as a measure for
the disordering of the carbon structure and was found to be ~0.93,
which exhibits that the NiO@SDHCNSs have a low distortion in
hexagonal lattice and also a lower disorder in carbon lattice [46].
We have also observed a small broad 2D peak at 2793 cm�1 for
SDHCNSs and NiO-SDHCNSs of the graphitic basal plane in carbon
sphere with a sufficient number of sp2 carbon atoms. Moreover, the
broad bands at 496 and 644 cm�1 are corresponding to the NiO
phase, which confirms that the NiO is present in the SDHCNSs.

The morphologies of the synthesized carbon spheres, SDCNSs,
KOH activated hollow SDCNSs, NiO@SDHCNSs and bare NiO
nanoparticles were investigated by field emission scanning
(FESEM) and transmission electron microscopy (TEM) analysis. The
hydrothermal method has been widely adopted to synthesize the
nanoparticles since it is straightforward to apply and has obvious
advantages for controlling the size, shape and structure of the
nanomaterials. The FESEM images of the synthesized nanospheres
are presented in Fig. 2 (a). It is interesting to note that, pure glucose
gives rise to interconnected spheres of roughly 0.3 mm in diameter
and certain degree of agglomeration have occurred. Moreover, the
microsphere was not uniform in size. This may be due to the
relatively low hydrothermal temperature [47]. The hydrothermal
temperature can significantly influence the particles surrounding
environments and determine their size and shapes [48]. Another
feature of carbon spheres is that they tend to interconnect with
each other. Carbon spheres produced from glucose and fructose
tends to form interconnected carbon spheres with a non-uniform
size which is reported earlier [49]. On the other hand, the S-
impregnated microspheres result in discrete microspheres with
considerably increased size and broader size distribution (0.5 mm).
Fig. 2(b) and (c) obviously reveal the spheres possess quite rough
surfaces this can be attributed to Maillard type reaction [50], where
amine group can react with the aldehyde group of the glucose
molecule and give rise to variety of products which result in the
early formation of nucleation seeds at different points of time
resulting larger particle with the heterogeneous size distribution
[51]. Transmission electron microscopy analysis was further per-
formed to obtained more information about the specific
morphology. Typical TEM images of the samples are shown in Fig. 3
(a). The figure shows that after the KOH activation in the air, the
SDCNSs hollows microspheres about 600 nm with a wall thickness
50 nm are obtained. The hollow interior of SDCNSs could also be
clearly identified through some small openings on the SDCNSs
surfaces (Fig. S1). The morphology of NiO can also be seen from FE-
SEM image (Fig. 2 (d)) that reveals the aggregated spherical parti-
cles morphology. The size of NiO nanoparticles have been esti-
mated to be around 10e15 nm from TEM analysis (Fig. 3 (C). Finally,
the uniform NiO nanoparticles decorated SDHCNSs nanospheres
were fabricated via hydrothermal strategy and the corresponding
FESEM image (Fig. 2 (e)) and TEM image (Fig. 3 (c)) are present the
agglomerated NiO nanoparticles well entrapped within the
SDHCNSs. The hollow interior of SDHCNS could also be clearly
identified by the sharp contrast between the dark centre and the
pale edge in the TEM images of an individual of NiO-SDHCNSs
composite Fig. S1. The KOH activation is highly necessary to in-
crease the surface area and create the porosity, and also it helps to
form the various surface oxygen functional groups with a rough
surface could provide a good scaffold for loading of metal oxide
nanoparticles. The synthesized NiO @ SDHCNSs composites are
composed of single crystalline inferred from the selected-area
electron diffraction (SAED) pattern (Fig. 3 (d)).

In order to analyze the chemical composition, electronic struc-
ture and elemental states were also examined by X-ray photo-
electron spectroscopy (XPS). As an illustration, Fig. S2 depicts the
XPS spectrum of the NiO-SDHCNSs nanocomposite sample, where
four peaks 162, 284, 531 and 884 eV are attributed to the presence
of S, C, O and Ni. The high resolution-spectra of C 1s spectrum
convoluted into four peaks and are shown in Fig. 4 (a), we observed



Fig. 2. SEM images of (a) Carbon nanosphers (b) sulfur doped carbon nanosphers (c) KOH activate SDCNSs (d) bare NiO nanoparticles (e) NiO-SDHCNSs nanocomposites.
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four peaks at 283.7, 284.2, and 287.4 eV correspond to the C-C, C¼O
and O-C¼O, respectively, these are the typical composition present
in carbon lattice [52]. The peak at 285.6 eV is attributed to the C-S,
which confirms that the sulfur ion doping on the carbon lattice.
Furthermore, sulfur ion doping was confirmed from the high-
resolution S 2p spectrum, Fig. 4 (b) displays the peaks at 162.1,
163.4, 164.4 and 168.8 eV for the C-S-C, C¼S, C-S¼O and sulfate
bonding, respectively [53]. To confirm the precise structural
composition of NiO embedded SDHCNSs, the high-resolution re-
gion on Ni 2p was analyzed and it provides information about the
valence distribution and the dispersion of the nickel ions in the NiO
core. The XPS patterns of Ni 2p spectra (Fig. 4 (c)) shows two major
peak at 856.2 and 876.1 eV correspond to the Ni 2p3/2 and Ni 2p1/2,
additionally two satellite peaks appeared at 862.1 and 871.6 for Ni
2p3/2 and Ni 2p1/2, which is assigned to the Ni (II) ions in the NiO.
The spin-energy separation of 19.9 eV indicated the well-defined
symmetry of Ni (II) ions in the oxide form [54], which is further
confirmed by O 1s spectra (Fig. 4 (d)). The wide scan spectrum of O
1s spectra has four main peaks, where the peaks at 531.1 and
531.6 eV assigned to carbonate structure on the surface. The
Gaussian fitted peak at 533.5 eV corresponds to the OH� group to
the adsorbed water molecules at the surface or in C-O. Moreover,
532.8 eV is a typical characteristic peak of C¼O or metal-oxygen
bonds. The observations confirmed that the as-prepared
NiO@SDHCNSs nanocomposites are pure and has related func-
tional groups.

3.2. Electrochemical characteristics of the NiO@SDHCNSs composite
modified GC electrode and glucose oxidation

The electrochemical behaviour of the synthesized carbon
nanospheres, sulfur-doped carbon nanospheres, alkali-activated S-
doped carbon nanospheres, pristine NiO and NiO decorated
SDHCNSs were investigated by cyclic voltammetry techniques as it



Fig. 3. TEM images of (a) KOH activate SDHCNSs (b) bare NiO nanoparticles (c) NiO-SDHCNSs nanocomposites (d) Selected area electron diffraction (SEAD) pattern of NiO@SDHCNSs
nanocomposite.
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is considered to be a rapid and reliable tool. Typically, the synthe-
sized samples coated modified glassy carbon electrodes were
scanned between the potential of �0.2 V and 0.8 V at a scan rate
50mV s�1 in the presence of 1mM [Fe(CN)6]3-/4- in 0.1M KCl so-
lution and their resulting spectra are presented in Fig. 5 (I). At the
bare GCE, the Fe3þ/Fe2þ redox couple was observed at the potential
0.24 V/0.16 V and the current 1.98� 10�5 A and 1.96� 10�5 A was
observed for its redox process. However, the carbon nanosphere
coated electrode exhibits more sluggish nature of redox couple for
the Fe3þ/Fe2þ with a wide potential difference (DEp) of 205mV at
reduced peaks currents (Ipa/Ipc) due to its chargeless particle na-
ture of the synthesized carbon nanospheres. In the case of S-doped
carbon nanospheres, the negatively charged sulfur with carbon
nanospheres enhanced its electrochemical properties by the redox
process of Fe3þ/Fe2þ occurred at 0.21V and 0.098 V with a reduced
DEp value of 116mV compared to the as-synthesized carbon
nanospheres where the DEp value is 205mV. Further, the enhanced
surface charge of the S-doped carbon spheres by the KOH activa-
tion, the very high current at reduced potentials for the oxidation
and reduction of iron ionswas obtained. It is clearly evident that the
surface charge is playing an important role in the redox electro-
chemical process of a reaction by attracting the ions from the bulk
at a large scale. In order to verify the electrochemical characteristics
of the nanostructured NiO nanospheres at 10e15 nm size were
employed alone and decorated on the SDHCNSs. At the
NiO@SDHCNSs electrode a well defined two pairs of redox couples
are observed pertaining to the redox process of Ni2þ/3þ in the
electrode and Fe3þ/Fe2þ present in the solution at 0.608 V/0.587 V
and 0.505 V/0.432 V, respectively. The NiO nanospheres exhibit the
redox process for the Fe3þ/2þ and Ni2þ/3þ at the potential of 0.34 V/
0.065 V and 0.608 V/0.587 V, respectively. However, the redox
peaks on the NiO are not well defined, they are mostly sluggish in
nature and the peak current values are very minimum when
compared to the NiO@SDHCNSs electrode, where Fe3þ/2þ redox
process shows a 168% and 11 times higher anodic and cathodic peak
currents even though the process takes place at the higher poten-
tials. For the Ni2þ/3þ system the anodic peak potential is not
changed but only a 17mV lowered for the Ni3þ/2þ whereas, the
peaks currents were enormously increased to 4.77� 10�5 A and
3.95� 10�5 A from 2.53� 10�5 A and 2.89� 10�5 A for the Ni2þ/3þ

(anodic peak) and Ni3þ/2þ (cathodic peak), respectively. These re-
sults clearly indicate that the newly formed NiO@SDHCNSs hybrid
nanocomposites have newer functionalities, which are different
from pure NiO and SDHCNSs counterparts. This could be attributed



Fig. 4. XPS core level spectra of C 1s, S 2p, Ni 2p and O 1s of NiO-SDHCNSs hybrid nanocomposite.
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to the hollow sphere like structure with the high surface area and
good electrical conductivity of the NiO@SDHCNSs hybrid nano-
composite, which allow the diffusion of more [Fe(CN)6]3-/4- redox
couple on its surface [3].

The CV behaviour of NiO@SDHCNSs modified electrode at
different scan rates (10e150mV s�1) was further investigated in
0.1M KCl solution containing 1mM [Fe(CN)6]3-/4- as redox probe
and presented in Fig. 5 (II). It can be seen that the peak currents of
[Fe(CN)6]3-/4- redox process were increased with increasing the
scan rate from 10 to 150mV s�1. Further, a good linearity was ob-
tained while plotting the current against the square root of the scan
rate (Fig. 5 (III)) with the high linear coefficient of 0.997 for both Ipa
and Ipc, indicating the diffusion controlled electrochemical kinetics
with a fast electron transfer rate. The slope of the plot of log (Ip) Vs.
log (V) (Fig. S3) is 0.98 with a correlation coefficient of 0.998, which
is close to the theoretical slope of 1 for thin layer voltammetry [55].
The surface concentration of the electroactive species has been
estimated from the Ip vs. V plot and according to the Brown-Anson
equation

Ip¼ n2F2I*AV/4RT

Where, n is the number of electrons transferred, F is the Faraday
constant (96,485mol�1), I* is the surface concentration (mol cm�2),
A is the surface area of the working electrode (0.07 cm2), V is the
scan rate (50mV s�1), R is the gas constant (8.314 Jmol-1 K-1) and T
is the absolute temperature (298 K). The average surface concen-
tration (I*) of the pristine SDHCNSs and NiO@SDHCNSs modified
electrodes have been estimated as 3.61� 10�9mol cm�2 and
2.12� 10�9mol cm�2 respectively, it suggests that the particle size
of NiO@SDHCNSs is higher compared to that of pure SDHCNSs
which is in good agreement with the average particle size calcu-
lated from the XRD data and observed from the FESEM/TEM im-
ages. On the other hand, the anodic peak potentials shifted towards
positive direction and the cathodic peak potentials shifted to the
negative direction at higher scan rates, which resulted increasing
the peak separation between the anodic and cathodic peak. The
peak separation at higher scan rate could be attributed to the
heterogeneous electron transfer kinetics indicating a quasi-
reversible redox process.

In addition, we have performed the electrochemical impedance
spectroscopy (EIS) experiments to analyze the electrochemical ki-
netics at the electrode/electrolyte interface. The obtained Nyquist
plot for bare GCE, SDCNSs, KOH activated SDCNSs, pure NiO and
NiO@SDHCNSs modified GC electrodes are presented in Fig. 5 (IV).
The impedance spectra consists a semicircle portion in the high and
medium frequency region accompanied by the linear portion in the
lower frequency region. As known, non-zero interrupted resistance
before the semicircle in the high-frequency region denotes the
equivalent serious resistance (ESR), and it is a contribution of so-
lution resistance and intrinsic resistance of the active material. The
charge transport process of the modified electrode was studied by
monitoring charge transfer resistance (RCT) at electrode/electrolyte
interface, where the well-defined semicircle was obtained. The
value of charge-transfer resistance for bare GCE, SDCNSs, KOH-
SDCNSs, pure NiO and NiO@SDHCNSs modified electrode was



Fig. 5. (I) CV behaviour of (a) Bare GC, (b) Pure carbon sphere (c) S-doped carbon nanosphere (d) KOH activated SDHCNSs (e) pure NiO and (f) NiO@SDHCNSs in the presence of
1mM [Fe(CN)6]3-/4- in 0.1M KCl at scan rate of 50mV s�1 (II) CV recorded at 10e150mV s�1 with a step value of 10mV s�1 for NiO@SDHCNSs in the presence of 1mM [Fe(CN)6]3-/4-

in 0.1M KCl, (III) The calibration plots of peak current vs. square root of scan rate, (IV) Nyquist plots of bare GCE, SDCNPSs, KOH activate SDCNPSs, pure NiO and NiO@SDHCNPSs
measured in the frequency range from 100 kHz to 1 Hz in the presence of 1mM [Fe(CN)6]3-/4- in 0.1M KCl solution.
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estimated to be 7.3, 15.6, 12.3, 21 and 8.2U cm�2, respectively.
Compared with the pure NiO and SDHCNSs modified GC electrode,
the charge-transfer resistance of the NiO@SDHCNSs/GCE in ferro-
cyanide redox couple is 2.5 and 1.5 fold lower than that of pristine
samples respectively, indicating the good electronic conductivity of
the NiO@SDHCNSs nanocomposite. These results are in good
agreement with the peak current (Ipa) values obtained from CVs
measurements. Thus, it is indicate that the NiO@SDHCNSsmodified
electrode possesses a high electrical conductivity and electron
transfer rate. Hence, we have used NiO@SDHCNSs modified GC
electrode for further investigations.

To investigate the electrochemical determination of glucose, we
have carried out cyclic voltammetric technique using the synthe-
sized pure NiO, SDHCNSs and NiO@SDHCNSsmodified GCE in 0.1M
NaOH electrolyte at a scan rate of 50mV s�1, obtained CV with and
without the presence of 5� 10�4M glucose in the potential range
of 0.0e0.6 V are shown in Fig. 6 (I) and (II). Here, NiO@SDHCNSs/
GCE reveals a couple of well-defined redox-peaks at 0.46 and
0.35 V, could be attributed to the redox reaction of Ni (III)/Ni (II)
couple on the electrode surface representing the formation of
NiOOH and Ni(OH)2, respectively on the solid surface of the
NiO@SDHCNSs electrode in the NaOH electrolyte. The deposition of
the Ni2þ/Ni3þ redox couple was confirmed by the continuous
increment of the anodic and cathodic peak currents during the
successive CV scan, which is in agreementwith the previous studies
[26]. The overall reaction mechanism is suggested below.

NiO þ OH�/ NiOOH þ e� (5)

Ni(OH)2 þ OH�4 NiOOH þ H2O þ e� (6)

The redox couple (Ni2þ/Ni3þ) of NiO@SDHCNSs/GCE shows the
peak separation (DEp) of 85mV only, whereas the pure NiO/GCE
shows (DEp) 103mV. The lower peak separation and higher peak
current response of NiO@SDHCNSs suggest the highly reversible
redox couple through the faster electron transfer through the
SDHCNSs is feasible when compared with pure NiO/GCE. In addi-
tion, the electrochemical behaviour of bare GCE and SDHCNSs/GCE
was also evaluated for comparison, which shows no peaks in that
potential window and provides low background current.

In order to better understand the electrocatalytic properties of
the developed non-enzymatic sensor GCE, SDHCNS, pure NiO and
NiO@SDHCNSs for glucose oxidation, cyclic voltammetric mea-
surements were carried out in 0.1M NaOH electrolyte containing
500 mM glucose at a scan rate of 50mV s�1 shown in Fig. 6 (II). The
bare GCE and SDHCNSs/GCE show inconspicuous redox peak in the
working potential rangewith glucose (Inset Fig. 6 (II)). On the other
hand, the anodic peak current (Ipa) was greatly (3.5-fold) improved
from 1.8� 10�4 to 6.6� 10�4 A when the NiO@SDHCNSs hybrid
nanocomposite modified electrode was employed to glucose



Fig. 6. Cyclic behaviour of (a) Bare GC, (b) SDHCNSs (c) NiO (d) NiO@SDHCNSs without (I) and with (II) 500 mM Glucose in 0.1M NaOH solution at a scan rate of 50mV s�1, (III) CV
behaviour of NiO@SDHCNSs modified electrode at scan rate of 10e100mV s�1 with a step value of 10mV s�1 in 0.1M NaOH solution containing 500 mM Glucose and (IV) The
calibration plots of peak current vs. square root of scan rate.
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sensing. This is attributed to the synergetic effect, fast molecular
diffusion, rapid electron transfer rate and the existence of more
active sites on the NiO@SDHCNSs hybrid nanocomposite and the
catalytic mechanism is as follow.

NiOOH þ glucose / Ni(OH)2 þ glucolactone (7)

This phenomenon implies that the oxidation of glucose to
gluconolactone at the NiO@SDHCNSs/GCE is electrocatalyzed by
the Ni(OH)2/NiOOH redox couple which is generated on the sur-
face of NiO@SDHCNSs during the CV process in the alkaline me-
dium as showed in Equations (5)e(7). This excellent
electrocatalytic ability is due to the rich production of NiOOH layer
generated on the surface of NiO@SDHCNSs/GCE. The reason for
the notable electrocatalysis towards glucose at NiO@SDHCNSs/
GCE modified electrode is may be deduced as the SDHCNS pro-
vides an excellent matrix supported to the Ni2þ ion adsorption by
its heteroatoms (S and O), where the electron clouds on the het-
eroatoms can interact with the d-orbital of nickel ions and make
the nickel ions soften and adsorb on the carbon sphere surface
which helps to oxidize the Ni2þ into Ni(OH)2 on the electrode
surface. However, the glucose oxidation at pure NiO/GCE electrode
was examined in the presence of 500 mM glucose reveals that the
electrocatalytic peak current is lower than on NiO@SDHCNSs/GCE
(Fig. 6 (II)). This study confirms that the synthesized
NiO@SDHCNSs shows higher performance compared to the pure
NiO spherical exerted the enhanced surface area and special
morphological nature of the hybrid composites.

Further, the effect of scan rate (10e100mV s�1) on the elec-
trocatalytic oxidation of glucose (5� 10�4 M) at the
NiO@SDHCNSs/GCE modified electrode was investigated. When
increasing the scan rates, the Epa was shifted towards the positive
direction and the Epc moved towards the negative potential as
shown in Fig. 6 (III). As it is seen, reduction/oxidation peak current
of glucose enhanced remarkably with increasing the scan rates.
This result suggests that the electrocatalytic glucose oxidation is
higher due to the increased charge-transfer kinetics of
NiO@SDHCNSs/GCE. The ratio of Ipa/Ipc was above the unity; it
indicates that the Ni2þ/Ni3þ hydrous oxide transformation process
is a quasi-reversible reaction [56]. At this point, it is worth
mentioning due to the charge interaction between the positively
charged Ni, Na and negatively charged OH� ion in the environ-
ment [57]. In addition, peak currents Ipa and Ipc of the glucose
oxidation were plotted against the square root of the scan rate
shown in Fig. 6 (IV) reveals that the good linearity with the cor-
relation coefficient of 0.999 and 0.999 for Ipa and Ipc respectively.

These values reveal that the glucose oxidation at NiO@SDHCNSS/
GCE is a highly diffusion controlled process. This is because of the
diffusion transport of OH� ions from the electrolyte (liquid) to the
electrode surface (solid) via diffusion 4 adsorption vice versa
during the reaction as shown in Equation (8) [58].
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2þNiðOHÞ2ðsolid surfaceÞ þ OH�ðLiquid phaseÞ
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Diffusion process

Adsorption process

3�NiOOHðsolid surfaceÞ þ e� (8)

The oxidation of glucose in the alkaline solution is to be
demonstrated that chemisorptions followed by dehydration steps
to form gluconolactone through the intermediate formation. The
dehydrated glucose intermediate adsorbed on the NiO@SDHCNSs
electrode surface oxidized to form gluconolactone during the
positive potential scan. Initially, more weakly adsorbed gluconate is
formed, further increasing the potential at positive scan the
adsorbed dehydrogenated intermediate is oxidized to form
glucono-lactone without the cleavage of the C-O-C band, which is
slowly desorbed from the nanospheres towards bulk whereby the
surface of the electrode is regenerated. Themultivalent nickel oxide
redox couple is responsible for the electrocatalytic oxidation of
glucose. Usually, electro-oxidation of organic molecules at NiOOH
involves the reaction of trapped hydroxyl radicals on the nickel
surface. The direct electrocatalytic glucose oxidation deemed at
nickel oxyhydroxide is the abstraction of a hydrogen atom at the C1
atom. At the initial state, the Ni(OH)2 is electro-oxidized within the
alkaline medium to produce catalytically active NiOOH species as
shown in equation (6). After the formation of the Ni(III) species, the
adsorbed glucose by the electrode surface undergoes hydrogen
abstraction at the C1 atom of glucose molecules at the electrode
surface to form a radical intermediate species and reforming the
Ni(OH)2 species as shown in equation (7). Finally, the hydroxyl
anions in the electrolyte solution rapidly complete the oxidation of
the organic radical intermediate species to form gluconolactone.
This result in the release of an electron which concurrently
responsible for the large anodic peak current and oxidation of
glucose at the same time gets de-oxidized to Ni2þ as shown in
equation (8). The anodic peak current is increased with increasing
the concentration of glucose. The adsorption of the intermediate is
not confirmed however, as the bulk oxidation of glucose seems to
occur rather than surface constrained oxidation, as shown by the
linear proportionality of peak current to square root of scan rate.
Such a phenomenon of an excellent electrochemical response could
be attributed to the hollow spheres and high surface area possessed
by as-synthesized NiO@SDHCNSs nanostructures. In order to get
information of the charge transfer coefficient (a) and the number of
electrons involved in the rate-determining (na), a Tafel plot of Ep Vs.
log I was drawn (Fig. S4) using the data from the rising part of the
current-voltage curve obtained at different scan rates from
10mV S�1 to 100mV S�1 for 500 mM glucose concentration. The
calculated Tafel slope from the plot was 182mV/dec (±3mV) for the
NiO@SDHCNSs/GCE electrode. These results indicate that the
oxidation of glucose is a one-electron controlled process (see Eq.
(7)) that would be the rate determining/limiting step and the
charge transfer coefficient was calculated to be a¼ 0.59.

Fig. 7 shows the LSV (linear sweep voltammograms) response of
glucose (10e100 mM) on NiO@SDHCNSs hybrid nanocomposite
modified electrode with successive addition of 10 mM glucose so-
lution to 0.1M NaOH solution at a scan rate of 50mV s�1. The peak
potential for the electrocatalytic oxidation of glucose is increased
positively with increasing the concentration of glucose. Further,
there is a linear relationship between the peak current and glucose
concentration with a correlation coefficient of 0.999 (Fig. 7 inset)
and this confirms that the oxidation of glucose is diffusion
controlled, which is in good agreement with an earlier report [59].
To further investigate the enzyme-free glucose oxidation, we have
employed DPV (Differential pulse voltammetry) for glucose con-
centration from 0 to 10.0 mM with a step value of 1 mMat the
voltage range from 0.0 V to 1.0 V in 0.1M NaOH solution and the
resulting spectra are presented in figure S5 (I). It is clear that an
obvious increase in the oxidation peak current was observed for the
increased glucose concentration. The calibration plot obtained from
the DPV measurements is presented in Figure S5 (II). The results
indicate that the NiO@SDHCNSs/GCE modified electrode exhibits
an excellent electrocatalytic activity towards the glucose oxidation
in the glucose concentration of interest between 1.0 and 10.0 mM.
Moreover, for all the glucose addition (1.0e10.0 mM) exhibits well-
defined oxidation peak at 0.55 V can be observed which is well
corroborated with our CV and amperometric results. The linearity
between the concentration and the peak currents exhibits DIp
(A)¼ 0.66± 3 with a correlation coefficient (R2) of 0.999. This can
be attributed to the NiO nanoparticles decorated on heteroatoms-
enriched activated carbon nanospheres, which significantly facili-
tates the transport of electrons and nil electrode fouling due to
oxidized glucose at electrolyte/electrode interface consequently
insulation free active surfaces intact with more analyte molecules
for further redox process. Therefore, a wide range of glucose con-
centration with high correlation coefficient was confirmed once
again with the modified NiO@SDHCNSs/GCE electrodes.

3.3. Effect of applied potential and electrolyte concentrations

Prior to the non-enzymatic glucose sensor, experimental pa-
rameters influencing the analytical performance of the fabricated
NiO@SDHCNSs/GCE modified electrode were optimized. It is well
known that the applied potential strongly affects the amperometric
response of biosensors. Therefore, the effect of applied potential
was first studied on the Amperometric response of glucose on the
NiO@SDHCNSs/GCE hybrid electrode. In order that constant po-
tential chronoamperometry was performed in the potential range
of 0.2e0.6 V with the drop wise addition of 1mM glucose in 0.1M
NaOH solution under stirred condition (Fig. S6). Obviously, the
modest current is observed in the potential range of 0.2e0.4 V and
increasing significantly from 0.4 to 0.55 V. Comparedwith at 0.55 V,
the current response decreases at 0.6 V and also the background
current and the noise increase greatly. Considering the maximum
current response for the oxidation of glucose at 0.55 V was selected
as an optimum applied potential for amperometric detection of
glucose in the subsequent studies.

In most cases, the electrolyte concentration is an important
factor in the electrochemical reaction. In non-enzymatic glucose
sensors, the alkaline medium may be favourable to improve the
electrocatalytic activity of the proposed modified electrode. Hence,
the impact of NaOH concentration (0.025e0.2M) was investigated
by CV at NiO@SDHCNSs between 0.0 V and 0.7 V in the presence of
500 mM glucose at 50mV s�1 are shown in Fig. 8. The anodic peak
current was increased correspondingly when the electrolyte con-
centration increased to 0.1M. This is because of the huge avail-
ability of OH� ions and improved electrocatalytic activity of
NiO@SDHCNSs on the glucose oxidation. However, further
increasing the electrolyte concentration, the peak current is
decreased. The possible reason could be that too much of OH� ions
on the surface of catalysts act as a barrier for glucose to reach the
catalytic surface of the electrode result in a decreased current
signal.

3.4. Amperometric determination of glucose at NiO@SDHCNSs/GCE

The amperometric analysis is an extremely attractive electro-
chemical technique to evaluate the high sensitivity, selectivity and
lower detection limit towards glucose oxidation. Under the above-
optimized conditions, the amperometric study was carried at
NiO@SDHCNSs/GCE with the successive step-wise addition of
different concentration (1 mM- 13mM) of glucose in 0.1M NaOH at



Fig. 7. LSV obtained for glucose in the concentrations ranging from 10 to 100 mM. Glucose was added in steps of 10 mM each at the NiO@SDHCNSs modified electrode in 0.1M NaOH
and inset shows the linearity plot of current vs. concentration.

Fig. 8. CVs of NiO@SDHCNSs modified electrode towards 500uM glucose at 50mV s�1 under different NaOH concentrations (aeg) 0.025M, 0.05M, 0.1M, 0.2M, 0.3M, 0.4M and
0.5M, Inset shows plot of oxidation peak current of glucose vs. electrolyte concentration.
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0.55 V vs. SCE and shown in Fig. 9 (I), where the different concen-
tration of glucose was added at a 50 s time interval into the alkaline
medium, a rapid current increment was observed. It is found that
the NiO@SDHCNSs/GCE modified electrode reveals good electro-
catalytic responds quickly with an increase of glucose concentra-
tion and reveals a steady-state signal within 5 s demonstrating the
excellent electrocatalytic activity, number of active sites, good
electron mobility properties of the hybrid nanocomposite glucose
electro-oxidation. The resultant current response was plotted
against the concentration of glucose and shown in Fig. 9 (II). The
calibration curve of the electrochemical response of
NiO@SDHCNSs/GCE shows the linear concentration range from



Fig. 9. (I) Amperometric response of NiO@SDHCNSs modified GCE in 0.1M NaOH with different concentration of glucose (1 mM �13 mM) applied potential þ0.55 V and inset shows
the enlarged view of the micromolar detection of glucose (II) corresponding calibration curves for current vs. concentration of glucose.
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0.001 to 1.00mM with a high correlation coefficient of 0.994.
However, in higher concentration (1.00e13.00mM) the second
linear range was observed with a correlation coefficient of 0.996.
When the concentration of glucose is above 13.00mM, the current
response was decreased gradually, it may be due to the diffusion
dominance and adsorption of glucose ions onto the electrode sur-
face which is partially covered by the adsorbed reaction in-
termediates cannot offer sufficient sites to accommodate the
incoming glucose [60]. Significantly, NiO@SDHCNSs/GCE manifests
a good linearity even at a low concentration range from 1.0 to
100 mMand the correlation coefficient of 0.998. From this low linear
range, we have calculated the limit of detection (LOD) was
0.52 mM (S/N¼ 3) and the sensitivity of the sensor 1697 mAmM-

1 cm-2. The detection performance of the fabricated modified
electrode is compared with other reported NiO based non-
enzymatic glucose sensors. As shown in Table 1 [61e71], it is
worth mentioning that the NiO@SDHCNSs modified electrode ex-
hibits prominent electrocatalytic performance for glucose sensing
in terms of the ultra-high sensitivity, the lower detection limit and
wide linear range.



Table 1
Comparison of the performance of fabricated Non-enzymatic NiO@SDHCNSs glucose sensor with other Nickel based Non-enzymatic glucose sensor.

Electrode Detection limit Linear range Sensitivity Ref

(mM) (mM) (mA mM�1cm�2)

NiNWs 0.07 0.0005e4 1043 [17]
Ni(OH)2/CILE 6 0.05e23 202 [22]
NiCFs 1 0.002e2.5 420.4 [30]
Ni@f-MWCNT/GCE 0.17 0.1e12 2477 [61]
3D NF-G-NiO 10 0.01e0.2 3230 [62]
NiO/C/GCE 2 0.002e1.279 301900 [63]
Ni(OH)2@PPy NW 0.3 0.001e3.86 1043 [64]
Ni(OH)2/C NC 0.14 0.001e15 1006.4 [65]
Ni-PANI-rGO/GCE 0.08 0.0001e1.0 6050 [66]
PVP/GNs/NiNPs/CS/GCE 0.03 0.0001e0.5 103.8 [67]
NiO-HSs@RGO-NT 0.03 0.0006246e10.50 3796 [68]
Ni-MOF/Ni/NiO/C 0.8 0.004e5.56 367.45 [69]
HAC/NiO 1 0.01e3.3 [70]
NiO nanosheet 0.18 0.001e0.4 1138 [71]
NiSDCN/GCE 0.028 0.0001e10.20 1297 [1]
NiO@SDHCNSs/GCE 0.52 0.001e13 1697 This work
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3.5. Reproducibility, stability and anti-interference property

In the present study, stability and reproducibility of the
NiO@SDHCNSs hybrid nanocomposite modified glassy carbon
electrode was examined by recording CV curves in the presence
and absence of 1mM glucose under 0.1M NaOH electrolyte solu-
tion for 50 consecutive cycles at a scan rate of 50mV s�1 (Fig. S7)
and found that the glucose sensor retained ~98.6% of its initial
oxidation peak current and without the presence of glucose, the
redox couple of Ni2þ/3þ responsible for the catalytic activity of the
electrode is showed sustained peak current and potential revealing
an excellent stability and antifouling properties of the
NiO@SDHCNSs/GCE for glucose sensor. In addition, the reproduc-
ibility of the glucose sensor was investigated by CVmeasurement at
1mM glucose in 0.1M NaOH at six newly prepared modified
electrodes. All six electrodes exhibited similar current response and
a relative stranded deviation (RSD) of 3.3%, indicating that the
NiO@SDHCNSs/GCE modified electrode exhibits excellent repro-
ducibility for glucose detection.

Furthermore, the selectivity of the NiO@SDHCNSs/GCEmodified
electrode for glucose was investigated in the interfering species
such as dopamine (DA), uric acid (UA) and ascorbic acid (AA), these
interfering species usually oxidize at the same potential on the
unmodified electrodes in the non-enzymatic electrochemical
sensor. Therefore, we have examined the capability of the synthe-
sized activated S-doped carbon nanospheres based electrodes to
distinguish the interference by measuring the amperometric re-
sponses by the addition DA, UA and AA 0.2mM interference in
Fig. 10. (I) Chronoamperometric responses obtained for the 0.1mM glucose oxidation at N
0.1M NaOH, (II) The influence of interference compounds on the 0.1mM glucose oxidation
0.1M NaOH containing 0.1mM glucose at 0.55 V vs. SCE. Fig. 10 (I)
shows the chronoamperometric responses of 0.1mM glucose with
other interferences, it is clear that the considerable electrocatalytic
responses were obtained for glucose at the NiO@SDHCNSs/GCE,
where there is no catalytic responses were observed for interfering
species. The percentage of current increase towards glucose by the
interference compounds is given as bar diagram Fig. 10 (II). These
results suggest that the addition of DA, UA and AA are not shown
significant increase of currents (<10%), indicating that the selec-
tivity of the electrode is very good and it could be an outstanding
candidate to detect the glucose in a practical sample. Selectivity of
the fabricated electrode was also investigated with blood serum
and urine samples, there was no appreciable current response for
the interferences observed, whereas for glucose, significantly
increased current noted. The reason behind the selectivity of the
fabricated NiO@SDHCNSs/GCE sensor towards the glucose is the
higher electron negativity of the glucose may diffuse closer to the
electrode surface, more aggressively when compared with other
interferences, hence, the electrode deserves good selectivity.
3.6. Real sample analysis

The control of diabetic related diseases is purely dependent
upon the monitoring of glucose in blood serum and urine samples.
Hence, the commercial applicability of the newly developed
NiO@SDHCNSsmodified GCEwas further tested for the detection of
glucose in human blood serum and urine samples by the standard
addition method with the above experimental conditions with
iO@SDHCNSs with the consecutive addition of 0.2mM AA, UA, DA and blood serum in
current (in %).



Table 2
Real sample analysis of glucose in human blood serum and urine samples using
NiO@SDHCNSs/GCE modified electrode.

Samples Content added (mM) Content found (mM) Recovery (%)

Blood serum 10 9.1 91
30 29.5 98.3
50 49.1 98.1

Urine sample 10 7.3 73
30 27.2 90.6
50 48.12 96.2
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three replicate measurements of each sample. The known con-
centration of glucose was successively added into the blood and
urine samples and its corresponding amperometric response of
glucose was noticed. In both the cases, a good response is observed
and the analytical results are listed in Table 2. The NiO@SDHCNSs
glucose sensor is exhibited an excellent recovery in the range of
73%e98.3%, which guaranteed the potential applications of pro-
posed sensor for practical non-enzymatic glucose sensor. The main
advantages of the newly fabricated electrode for glucose sensor are;
simple, cost effective eco-friendly hydrothermal preparation and
simple drop casting electrode modification. Moreover, non-
enzymatic sensor reported in this study requires only a tiny
quantity of 10 mL (1mg/mL) of NiO@SDHCNSs for electrode modi-
fication. The superiority of the present study can be attributed to
the synergistic effect of the different components and unique hol-
low spheres like morphological structurewith the high surface area
and good electrical conductivity. Thus the facile synthesis strategy
suggests that the NiO@SDHCNSs is a promising electrode material
to construct the feasible non-enzymatic glucose sensor at a large
scale.

4. Conclusions

In Summary, we have successfully synthesized NiO-SDHCNSs
hybrid nanocomposites by using a simple hydrothermal method.
A novel non-enzymatic biosensor was fabricated by using the NiO-
SDHCNSs, exhibits favourable electrocatalytic properties for
glucose oxidation in alkaline medium. Notably, compared to the
bare NiO and SDHCNSs, the obtained NiO@SDHCNSs hybrid nano-
composite showed remarkably enhanced electrocatalytic activity
towards glucose oxidation. The SDHCNSs could provide an excel-
lent stable matrix supported to the Ni2þ ion adsorption by its S, O
heteroatoms, where the electron clouds on the heteroatoms can
interact with the ‘d’ orbital of Ni2þ ions to formNi(OH)2 and enwrap
NiO nanoparticles with large effective surface area, which could act
as electron transfer medium and promote the charge transfer be-
tween the electrode surface and glucose molecules by the unique
hollow spheres like structures considered to be responsible for the
effective glucose oxidation. Moreover, under the optimal condi-
tions, this NiO@SDHCNSs/GCE constructed glucose biosensor
shows more excellent performances such as high sensitivity
(1697 mAmM-1 cm-2), low detection limit (0.52 mM) and wide linear
range (0.001e13mM) and perfect selectivity to glucose in the
presence of DA, UA, AA. Another advantageous feature of the
NiO@SDHCNSs/GCE glucose sensor was applied in real biological
samples (blood serum and urine) was gathered good response. All
these results confirmed that NiO@SDHCNSS/GCE is a great prom-
ising electrode for practical glucose sensors applications.
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