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ABSTRACT: In this research, we demonstrate a disposable carbon-based paper electrode with engineered surfaces that is capable of
detecting glucose in an alkaline medium at concentrations down to 10 μM. The sensitive electrode is fabricated by introducing a
hydrothermally synthesized nickel oxide (NiO) layer on a carbon paper electrode, followed by the growth of nanostructured
molybdenum disulﬁde (MoS2) by pulsed laser deposition on the NiO layer. The surface modiﬁcation was investigated using
transmission electron microscopy and micro-Raman spectroscopy. The electrocatalytic activity of the fabricated electrodes was
investigated in presence of a low concentration (0.1 mM) of an alkaline solution of sodium hydroxide. The catalytic enhancement of
a NiO−MoS2 hybrid electrode is attributed to the edge sites and defects associated with MoS2 nanostructures responsible for
creating a highly reactive environment. This system dissociates a water molecule into OH− and H+ species. H+ continues to diﬀuse
on the MoS2 surface, simultaneously modifying it due to its quantum nature. On the addition of glucose molecules into the
electrolyte, an oxidation reaction takes place at the surface of the electrode, realizing an enzyme-free glucose sensor. Simulations are
carried out via a thin-ﬁlm-based electrochemical sensor model to better understand the trends in the experimental results. These
results indicate a new route to detect glucose at low concentrations and with high sensitivity.
KEYWORDS: electrocatalyst, glucose detection, NiO layered structures, MoS2, electrochemical measurements, COMSOL multiphysics
over time.6−8 To overcome this limitation, enzyme-free glucose
sensing has received considerable attention. Enzyme-free
glucose sensors have been realized via the use of transition
metals (Cu, Pt, Pd, Ni, etc.) along with their alloys in micro-/
nanoforms as the electrode materials.9−11 Amongst these
materials, the use of nickel (Ni) and/or nickel oxide (NiO) is
observed to be highly eﬀective in catalyzing the glucose
oxidation, leading to sensitive and aﬀordable sensors.12 Use of
NiO as an electrode material holds great promises primarily
due to its low toxicity and natural abundances. A variety of

1. INTRODUCTION
Diabetes, characterized by abnormal levels of blood glucose, is
a signiﬁcant public health issue, especially in developing
countries. The change in the glucose levels in diabetic patients
leads to metabolic disorders with consequences that include
death.1−3 World Health Organization (WHO) has warned that
the number of people suﬀering from this disease will exceed
500 million by the end of 2030.4 Low-cost methods of
monitoring glucose levels play an important role in managing
this condition. Several electrochemical biosensors have been
used thus far to detect glucose levels in blood, sweat, and urine
specimens.5 Such biosensors have advantages of selectivity,
compaction, speed, and cost-eﬀectiveness over other detection
modalities.
The electrochemical biosensors have enzymatic or nonenzymatic electrodes for the detection of targets. The
enzymatic sensors have limited accuracy for long-term
monitoring due to drawbacks such as biofouling and stability
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Figure 1. (a) Schematic of the carbon-paper-based MoS2/NiO system for the detection of glucose. The working electrode (WE) is composed of
nanostructured MoS2 deposited on the NiO layer by the pulsed laser deposition technique. (b) Schematic of the sensor operation with a
potentiometric circuit. (c) Typical CV curve obtained during glucose detection with regions showing oxidation and reduction in the
electrochemical cell.

also been used to fabricate ﬁeld-eﬀect transistor (FET) devices
to detect H2O2, NO2, NH3, DNA, and proteins.16,23 In
addition, MoS2-based FETs have also been used for sensitive
glucose detection without the need for any enzymes.24,25
Electrochemical glucose detection using a low-cost device
using a compact analyzer can be advantageous for patient
populations in underserved areas.
Molybdenum disulﬁde ﬁlms grown by the pulsed laser
deposition (PLD) technique under optimized conditions are
observed to be more stoichiometric, dense, and highly
adherent to the substrate.26−28 However, problems such as
lower intrinsic electrical conductivity and restacking of MoS2
nanosheets, which limits the charge-transfer process, have
restricted their use in electrochemical sensors. Nevertheless, a
synergetic combination of MoS2 with Cu, Ni, Co, and Fe-based
materials has been shown to enhance the electrocatalytic
activities.29 Formation of heterointerfaces/junctions of MoS2
with NiO has shown to regulate the surface chemical
states.30−32 We believe that this property can increase the
density of active sites and enhance the electrocatalytic activities
necessary to realize the next generation of glucose sensors. We
note that glucose detection reported thus far is primarily based
on the current sensing mechanism,33 which depends upon
multiple factors that can compromise its accuracy. An
electrochemical method that detects glucose based on the

NiO nanoforms, viz., hollow spheres, hollow cage-like
structures, core−shell structures, and nanocomposites have
been prepared and studied in recent years toward their
application as nonenzymatic glucose biosensors.13 The glucose
detection mechanism for these systems is proposed to be based
on the direct oxidation of a glucose molecule by high valence
metal ions present at the electrode surface.14 In addition, the
good electrocatalytic activity reported for these sensors is
attributed to their nanomorphologies that provide a large
speciﬁc surface area for the electrocatalytic reactions.
Composites of NiO with multiwalled carbon nanotubes
(MWCNTs) and graphene sheets have been used to improve
the selectivity, sensitivity, and electron-transfer processes
during the sensing of biomolecules.15,16 It is proposed that
the larger surface area of two-dimensional (2D) or nanostructured materials enables easy surface functionalization,
which also allows an eﬃcient charge-transfer process.17 During
the last decade, other types of 2D materials, namely, layered
transition-metal dichalcogenides (TMDs), have shown merits
for electrochemical detection of biomolecules due to their
extraordinary physical and chemical properties.18−20 Amongst
various TMDs, molybdenum disulﬁde (MoS2) consisting of
S−Mo−S bonds in a trilayered structure has been evaluated.21
It is believed that the spacing between the layered structures of
MoS2 (0.63 nm) enhances intercalation, leading to an
improved catalytic/electrochemical performance.22 MoS2 has
B
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Real-time glucose sensing was investigated using the cyclic
voltammogram (CV) method by dipping each electrode in 30 mL
of NaOH solution (concentration 0.1 M), i.e., an alkaline medium
(see Figures 1b,c). All measurements were carried out under ambient
conditions (22 °C, 55% humidity). To investigate glucose detection,
200 μL of glucose reagent (stock solution: 100 mM of glucose
prepared in 100 mL of DI water) varying in concentration (namely,
10, 100, and 500 μM as well as 1, 5, and 10 μM prepared from the
stock solution) was added in the alkaline medium. Dispersion of the
glucose reagent in the alkaline medium was ensured by stirring the
mixture for 2 min before CV measurements. All CV measurements
were recorded using a potentiostat (make: CHI600E workstation;
commercial printed electrode having carbon as a counter and Ag as a
reference electrode, respectively). At least four diﬀerent electrodes
prepared under the same conditions as mentioned above were used
per experimental condition and used to plot the error bars in the
plots. After each measurement, the electrode was thoroughly washed
using DI water before proceeding for the next measurement where a
freshly prepared electrolyte was used.
Material characterization was carried out via XRD, transmission
electron microscopy (TEM), energy-dispersive X-ray spectrometry
(EDX), and micro-Raman spectrometry. The phase identiﬁcation of
NiO and MoS2 nanosheet-modiﬁed NiO was analyzed using XRD
(D8 Advance, Brucker Inc, Billerica, MA). Measurements on these
specimens were made at room temperature using Cu Kα radiation (λ
= 1.5406 Å). The TEM imaging (Tecnai, FEI, Hillsboro, OR), and
micro-Raman spectrometry (inVia, Renishaw Corporation, Wottonunder-Edge, Gloucestershire, U.K.) were used to conﬁrm the
structural modiﬁcations of the NiO surface after the growth of
MoS2. For TEM analysis, a set of specimens were prepared under the
same conditions on glass substrates. The sample was scratched from
the glass substrate using a Teﬂon spatula and loaded on a carboncoated TEM grid. An in-built system in the TEM machine was used
to record the EDX data for elemental analysis.
The COMSOL simulation was performed for the NiO and NiO−
MoS2 electrodes using cyclic voltammetry provided in the electrochemistry module of COMSOL Multiphysics software (ver. 5.5,
COMSOL Inc, Burlington, MA). The module is used to provide an
interface where the material properties, constraints, etc., can be
predeﬁned, which, in turn, allows the analysis of the electrochemical
behavior of the system. A three-dimensional (3D) model was
developed, where the diﬀusion coeﬃcient and redox potential values
obtained from the experimental results for NiO and NiO−MoS2
systems were used. The electrochemistry module was used for
electroanalysis using two species such as A and B. At the bulk
boundary (r → ∞), we assume a uniform concentration equal to the
bulk concentration for the reactant. At the electrode boundary,
reactant species A oxidizes (loses one electron) to form product B. By
convention, electrochemical reactions are written in the reductive
direction: B + e− ↔ A. The current density for this reaction is given
by the electroanalytical Butler−Volmer equation for oxidation:

changes in the redox or oxidation peak potentials can lead to
more accurate and robust results.
Thus, the current work is motivated by two clear aims. First,
we wanted to explore an electrode conﬁguration consisting of a
combination of NiO and MoS2 nanostructures on a conductive
carbon paper to enable enzyme-free glucose sensing at low
concentrations. The focus was on using a low-cost,
commercially available carbon paper electrode, loaded with
NiO and decorated with MoS2 nanostructures via the PLD
technique. The paper electrode device was then used to
demonstrate glucose sensing via a systematic change in the
redox potential with the glucose concentration down to the
micromolar range. This represents the lowest concentration of
glucose sensing using an electrochemical method.33 The
second aim of the work was to understand and propose the
mechanisms of glucose sensing for this system. To achieve this,
the electrochemical performance of the device with and
without MoS2 was measured to identify its exact role in
enhancing the catalytic activity of the sensor via experiments
and simulations.

2. EXPERIMENTAL SECTION
Figure 1 shows the schematic of our electrode system. An
electrochemical cell consisting of a working electrode (WE), a
reference electrode (RE), and a counter electrode (CE) was used to
construct the sensor (Figure 1a). The working electrode was
fabricated by drop-casting a NiO layer on a carbon paper electrode
(Model: TE100, Zensor screen printed electrodes, Zensor R&D,
Taichung, Taiwan). To achieve this, a homogeneous mixture of 25
mL of 0.5% TWEEN80 solution with 0.648 g of NiCl2·6H2O (5 mM)
and 0.7 g of hexamethylenetetramine (HMTA; 5 mM) was prepared
under constant stirring (all chemicals were obtained from SigmaAldrich, Munich, Germany). This mixture was then transferred into a
Teﬂon-lined stainless steel autoclave and kept at 160 °C for 24 h in an
oven. The autoclave was then cooled to room temperature. The
precipitate obtained after the reaction was washed several times with
methanol followed by deionized (DI) water. The powder was then
dried and calcined in a muﬄe furnace at 400 °C for 4 h. The ﬁnal
product was analyzed structurally using an X-ray diﬀractogram (XRD,
D8 Discover Plus, Brucker Inc, Billerica, MA), and further, a ﬁeldemission scanning electron microscope (FESEM, model Inspect, FEI
Inc, Hillsboro, OR) was used to conﬁrm the synthesis of NiO layered
structures. The synthesized powder weighing 1 mg was added in the 2
mL solution of DI water/methanol (1:1 ratio) and sonicated for 10
min. After the ﬁrst cycle of sonication, 5 μL of Naﬁon117 solution
(Sigma-Aldrich), which is used as a binder to improve adhesion on
the paper electrode, was added to the dispersed solution and
sonicated further for 1 h.
To investigate the electrochemical performance of NiO toward
glucose sensing, 10 μg of NiO powder from the solution was loaded
on the working area of the printed electrode. The loaded electrode
was kept under an IR lamp (power: 100 W) for 2 min to dry the load
and adhere to the electrode. The NiO layered structures were then
decorated by MoS2. This was achieved by growing nanoscale
particulates of MoS2 using PLD at room temperature. A shadow
mask was used to ensure the deposition of MoS2 on the working area
of the electrode. The MoS2 particulate size was changed by
controlling the number of laser pulses (10, 50, 100, and 300 pulses,
respectively) used to ablate the MoS2 target. A KrF excimer laser (λ =
248 nm, energy density at target surface = 2 J/cm2, and pulse
repetition rate = 5 Hz) was used for this purpose. Before deposition,
the electrode was ﬁxed on a substrate holder and kept at a distance of
7 cm from the target (parallel to the target surface inside the
deposition chamber). A base pressure of ∼10−6 Torr was achieved in
the chamber using a turbo molecular pump backed up by a scroll
pump. All depositions were carried out in the presence of argon gas
(purity 99.999%), maintaining the background pressure of 10−4 Torr.

(
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According to Fara-

day’s laws of electrolysis, the ﬂux of the reactant and product species
vi
is proportional to the current density and is given by− Ji = inFloc . This
expression is chosen for the electrode surface boundary condition.

3. RESULTS AND DISCUSSION
The XRD measurements performed on the synthesized
powder specimen conﬁrms the formation of NiO. The peaks
positioned at 2θ = 37.27, 43.34, 62.9, 75.33, and 79.48° in a
diﬀractogram (Figure S1) are indexed to (111), (200), (220),
(311), and (222) crystallographic planes of cubic NiO (JCPDS
No. 044-1159), respectively. The structural analysis using XRD
demonstrates the conversion of Ni(OH)2 formed during
hydrothermal synthesis into single-phase NiO when calcined at
400 °C. The FESEM image in Figure S2a shows that the
calcined specimen has a textured network stacked to form
C
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sheets varying in sizes from few nanometers to submicrons.
The microscopic observation further extends our claim of the
porous nature of these sheets due to the associated textured
network. The detailed morphological investigations carried out
on the specimen by recording TEM images (Figure S2b)
conﬁrm that the textured network observed herein is a
nanostructure. The crystal lattice fringes present in the highresolution TEM (HRTEM) image (Figure S2c) are observed
to have spacings corresponding to the d-spacing values for
(111) and (200) crystallographic planes of NiO.34 Thus, the
results validate the growth of nanostructures of single-phase
NiO.35
To conﬁrm the surface modiﬁcations of NiO by MoS2, TEM
and HRTEM images were recorded for all specimens, as shown
in Figure 2. For the specimen where MoS2 nanostructures were
deposited using 10 laser pulses, the TEM/HRTEM imaging
was unable to locate any signature of MoS2 growth apart from
NiO layered structures (hence the image is not included).
Similar to the previous case, it was very diﬃcult to identify
surface modiﬁcation only from the TEM image reported
(Figure 2a) for the specimen where MoS2 nanostructures were
deposited using 50 laser pulses. However, careful observation
of the HRTEM image (Figure 2b) shows a noticeable
diﬀerence associated with the crystal lattice fringes. For
example, at a few places near the edge of the NiO
crystallographic (111) plane, the fringes (marked using the
arrow in Figure 2b) are observed to have diﬀerent lattice
spacing values. This lattice spacing value (0.639 nm) exactly
matches with the d-spacing value of (002) crystallographic
planes of MoS2.36 The number of nanorod-like structures
appearing at multiple places on the NiO layered structures
visible in the TEM image of Figure 2c is for MoS 2
nanostructures deposited using 100 laser pulses. The width
and length of these rod-like structures are observed to vary
from 4−10 and 30−50 nm, respectively. These results indicate
the high crystallinity of the NiO−MoS2 hybrid system. This
crystallinity is expected to improve the charge-transfer
properties between the electrodes and the electrolyte, leading
to the mediator-free sensing of glucose. The interplanar
distances measured for crystal lattice fringes recorded on these
rod structures (Figure 2d) conﬁrm the growth of MoS2 along
the (002), (100), and (111) planes.37 [JCPDS Card No 371492]38 The growth of MoS2 nanosheets is conﬁrmed from the
TEM images (Figure 2e,f) recorded for the specimen where
MoS2 particulates were deposited using 300 laser pulses. These
nanosheets are observed to vary in sizes (<50 nm) and have
crystallographic growth primarily along the (002) crystallographic plane.
The growth of MoS2 using PLD on a NiO structure was also
conﬁrmed by recording an X-ray diﬀractogram. Figure 2g
represents the XRD pattern recorded for specimens where
MoS2 is grown on the NiO structure using 300 and 100 laser
pulses. Along with NiO, the peaks positioned at 2θ = 37.5 and
40.25° observed in the XRD pattern can be assigned to (100)
and (103) crystallographic planes of MoS2, respectively
(JCPDS Card No 37-1492).38,39
In addition to the HRTEM and XRD analysis (Figure 2), we
also conducted an elemental analysis of synthesized composites
via spot energy-dispersive X-rays (EDX) generated during the
TEM measurements. Figures S3a, S3b in the Supporting
Information show the EDX spectra recorded for the MoS2/
NiO composites, where MoS2 nanostructures were grown by
100 and 300 laser pulses, respectively. The resulting spectra

Article

Figure 2. (a−f) TEM and HRTEM images recorded on the MoS2/
NiO composites, where MoS2 layers were grown using (a and b) 50
laser pulses, (c and d) 100 laser pulses, and (e and f) 300 laser pulses.
(g) X-ray diﬀractograms for MoS2 grown on the NiO specimen using
100 (bottom) and 300 (top) laser pulses.

showed the presence of Mo, S, Ni, and O elements in the
specimen. The atomic percentage (%) of Mo and S varies
depending upon the number of laser pulses used to grow
MoS2. Thus, the structural, morphological, and elemental
investigation demonstrates that the PLD is an eﬀective and
controlled technique to modify the NiO structure by
depositing MoS2 at room temperature.
To identify the bonding environment as well as structural
modiﬁcations that occurred at a microscopic level, the microRaman spectra are recorded on these specimens. This
D
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2LO (positioned at 750 and 1150 cm−1, respectively), and a
combination of the TO + LO mode positioned at 950 cm−1 are
observed in spectra recorded for pristine NiO (Figure
3a).28,29,32 Enhanced intensity of the 1P phonon mode as
compared with others demonstrates the presence of surface
defects (e.g., grain boundaries) and distorted lattices associated
with the specimen.29 Along with these deﬁned phonon peaks,
an additional low-intensity peak positioned at 1525 cm−1 is
also observed. The respective peak can be attributed to the
second-order two magnon (2M) band.41−43
Noticeable diﬀerences are observed in Raman spectra
(Figure 3b−e) recorded on MoS2-functionalized NiO specimens when compared with the spectra of pristine NiO. The
MoS2 signature peaks, positioned at 380 and 410 cm−1
(attributed to E12g(Γ) and A2g (Γ), respectively) do not show
any distinct appearance in the spectra reported herein.44 We
suspect that the signature peaks got merged in a broad peak
(350−650 cm−1), already reported for the 1P phonon mode of
NiO. In all of the spectra, the position of a broad peak (i.e., 1P
phonons) is observed to exhibit a redshift. The exception to
this, though, is the spectra recorded for the specimen where
MoS2 particulates were deposited using 50 laser pulses (Figure
3c). The peak positioned at 570 cm−1 observed in the rest of
the spectra can be attributed to the 2E1g(Γ) vibrational mode
of MoS2.45 In addition, well-resolved peaks positioned at 785
and 950 cm−1 for all spectra (Figure 3b−e) can be assigned to
the replicas of E12g(M) + LA(M) and A2u(M) phonon modes.
These modes are originated from the M point of the Brillouin
zone of bulk MoS2 (space group D46h(P63/mmc)) having a unit
cell containing two Mo and four S atoms.46,47 Dominance of
A2u(M) phonons indicates the probable interactions between
molybdenum atoms and oxygen atoms present on the surface
of NiO layered structures.44,47,48 Thus, the Raman investigation conﬁrms the surface modiﬁcation of NiO layered

technique also provides information about layered materials by
identifying the number of layers.40 Figure 3 presents

Figure 3. Micro-Raman spectra recorded for (a) pristine NiO
nanosheets and MoS2/NiO composites synthesized by growing MoS2
nanostructures using (b) 10, (c) 50, (d) 100, and (e) 300 laser pulses
(shaded region highlights the changes associated with the structures
due to MoS2 growth).

superimposed micro-Raman spectra recorded on pristine and
MoS2 nanosheet-modiﬁed NiO specimens. To identify the
peak positions, the Raman spectra reported herein are
deconvoluted using the Lorentzian line proﬁle. Expected
excitation bands, namely, the ﬁrst-order phonon mode (1P)
(i.e., TO and LO modes, positioned in between the range from
350 to 650 cm−1), the second-order peaks, namely, 2TO and

Figure 4. Superimposed (a) experimental and (b) simulated CV curves recorded at a scan rate of 5 mV/s on the pristine NiO electrode without
and with adding the glucose reagent (changing concentrations) in the alkaline medium, (c) sensor calibration plots for glucose-sensing activity
extracted from CV plots (the error bars represent one standard deviation calculated from four diﬀerent electrodes), and (d) schematics of the
glucose oxidation mechanism at the surface of the NiO electrode.
E
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reduction peaks as observed in experimental CV plots was
not seen in the simulated plots due to the incompatibility to
introduce the material morphology (which is also one
important parameter for the catalytic activities) in the model.
The glucose-sensing activity extracted (slope values) from
simulated and experimental plots (Figure 4c) is comparable.
This conﬁrms the validation that the model developed herein
is capable of simulating the trends in the experiments.
The experimental and simulated measurement thus conﬁrms
the inert nature of NiO structures in an alkaline medium. The
capacitive behavior observed in Figure 4a is due to the
mesoporous surface of NiO, which adsorbs OH− ions
generated during the electrochemical process onto the NiO
surface.51 The electrochemical reaction that occurs on the
surface of the NiO results in the formation of NiOOH,52−54
and is given by

structures by depositing MoS2 particulates even at room
temperature. The NiO layered structures modiﬁed using MoS2
particulates can be expected to provide high surface interfaces
between the electrocatalyst and the electrolyte. The edge sites
and defects associated with the MoS2 particulates present on
the NiO layered structures with the synergistic combination
are expected to boost the electrochemical reactions occurring
at the electrode/electrolyte interface. The improved electrochemical behavior of the composite electrode is expected to
enable enzyme-free glucose detection even at relatively low
concentrations. To study the electrochemical responses from
these electrodes, cyclic voltammetry (CV) measurements
(using the paper electrodes) were done in the presence of
alkaline media (NaOH solution; concentration 0.1 M) with
the addition of a glucose reagent at varying concentrations.
Before glucose detection, the CV plots were conducted for a
NiO electrode and a MoS2/NiO composite electrode at
diﬀerent scan rates of 2, 5, 10, and 50 mV/s in the presence of
a NaOH electrolyte (0.1 M) (see Figure S4 in the Supporting
Information). As expected, the potential shift associated with
the redox and oxidation peaks as a function of the scan rate is
observed for both types of electrodes. The broadening
associated with redox and oxidation peaks observed in the
plots recorded at higher scan rates (i.e., at 10 and 50 mV) can
be attributed to the fast charge-transfer kinetics,49 which
prevents the eﬀective diﬀusion of reactive species generated
during the electrochemical processes essential for detection of
any biomolecule.
Hence, to promote maximum diﬀusion of ionic species
generated during the electrochemical reaction into the
interlayers of the electrode material assuring the eﬀective
charge transfer as well as to avoid the bubbling of gases evolved
at the electrode surface during the electrochemical reaction, we
decided to perform all CV measurements at a ﬁxed scan rate of
5 mV/s. Figure 4a shows superimposed CV plots recorded
using a pristine NiO electrode without and with adding glucose
at concentrations from 10 μM to 10 mM into the electrolyte.
In an alkaline medium, glucose gets converted into its active
form, i.e., β-D-glucopyranose, whereas in a neutral solution, it is
in poorly active form, i.e., α-D-glucopyranose.50 Typical
pseudocapacitive behavior is observed for all CV measurements. The plot reported herein without adding a glucose
reagent is observed to show the least peak current value. The
absence of any sharp oxidation and redox peak in the plot
indicates insuﬃcient ionic species generated during the
electrochemical measurement. No distinct change was
observed to be associated with the CV plots even at high
glucose concentrations, hence the lower concentration
investigations, below 10 μM, are not reported here. Figure
4b shows superimposed simulated CV plots extracted for a
NiO sensor without and with adding the glucose reagent into
the electrolyte using a model (for model details, refer to Figure
S4a) using COMSOL Multiphysics software. The same formal
potential of 0.55 V is used for the simulation. To see the
electrochemical activity, the potential window was ﬁxed at
0.3−0.6 V and the scan rate was ﬁxed at 5 mV/s. Similar to the
experimental results, the simulated CV plots showed a slight
increase in the oxidation and reduction current values with the
addition of glucose into the electrolyte. The demonstration
conﬁrms the inherent electrocatalytic properties of the NiO
surface, wherein NiO acted as an electrocatalyst for glucose
oxidation, as shown in Figure 4d and eqs 1 and 2 (shown
below). However, the minor presence of oxidation and

NiO + OH− V NiOOH + e−

(1)

With the addition of the glucose reagent (varying in
concentration) in the electrolyte, insigniﬁcant changes are
observed in the CV measurements. These changes, however,
show a systematic (but small) increase in current values with
the glucose concentration. We speculate the presence of a
weak glucose oxidation process occurs at NiOOH via the
following mechanism
NiOOH + glucose → NiO + H 2O2 + gluconolactone
(2)

The glucose oxidation mechanism schematized as Figure 4d
shows that during the electrochemical process, Ni2+ gets
oxidized to Ni3+ in the presence of an electrolyte. Ni3+ plays an
important role in oxidizing the glucose molecule.55 On
oxidation, glucose gets converted into gluconolactone, which
subsequently gets converted into gluconic acid. The gluconic
acid further reacts with water molecules to produce gluconate
and a proton (i.e., H+). This validates that the detection of
glucose molecules depends on the amount of Ni2+ in the
matrix, which is converted into Ni3+ during oxidation. The
inert nature of NiO (calcined at a higher temperature, i.e.,
>250 °C has increased crystallinity) toward the electrolyte
made the specimen inactive for eﬀective detection of glucose,
though used at high concentrations.
The electrochemical properties of MoS2/NiO specimens are
reported in Figure S6. The CV measurements carried out using
a NaOH electrolyte (concentration 0.1 M) show pseudocapacitive behavior. The oxidation peak, the redox peak, and the
reduction in the area under the curve diﬀer when compared to
that for NiO specimens (Figure 4a). The appearance of
oxidation and redox peaks indicate an improved electrochemical process mainly due to the MoS2 growth on NiO. The
metallic nature of MoS2 at the edge of particulates boosts the
electron-transfer process, making them excellent catalytic
sites.56,57 In addition, the defects (Mo and S vacancies,
reconstructed armchair and zigzag edges, etc.) present on the
basal plane of MoS2 layers also likely contribute to improving
its catalytic activity.58,59 Thus, the edge sites and defects
present on the MoS2 particulates make them highly reactive
and are capable to dissociate a water molecule from the
electrolyte into OH− and H+ ionic species (proton) even at
room temperature via induced electrostatic interactions.60,61
The dissociated species, depending on the charge, get attached
to the MoS2 atoms present on the surface electrostatically.
Simultaneously, the quantum nature of a H+ ion keeps on
F
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peak position with the addition of glucose. Thus, simulation
results show a similar trend to the experimental results. The
noticeable shift with the redox peak position in the simulation
(data compared without glucose reagent) validates the glucose
detection in experiments. The glucose oxidation reaction,
which occurs at the MoS2 nanosheet-modiﬁed NiO platform
can be expressed as

diﬀusing it onto the MoS2 surface by modifying it by the
following mechanism
(MoS2 )surface + H+ + e− V (MoS2 − H+)surface

Article

(3)

The enhancement in the electrochemical process is due to the
two diﬀerent processes expressed by eqs 1 and 2,
simultaneously occurring at the modiﬁed electrode surface in
the presence of alkaline media and acting as a predominant
surface phenomenon. Since the electrochemical process is a
surface phenomenon, it will be interesting to know whether the
synergic combination of MoS2 and NiO can detect glucose
molecules eﬀectively. Hence, CV measurements were recorded
from the electrode material synthesized in this work without
and with the addition of a ﬁxed amount of the glucose reagent
(10 mM) in the alkaline medium. Figure 5 shows the
superimposed experimental as well as simulated CV plots
(compared without adding the glucose reagent).

The maximum redox peak shift of 15 and 25 mV (Figure 5a,
MoS2/NiO, 50 pulses) from its original value is recorded with
the addition of the glucose reagent in specimens where MoS2
growth showed an amorphic and/or a monolayer form. The
primary reason for this shift is that the short-range atomic
arrangement of MoS2 has a highly reactive environment
compared to thicker MoS2, where probable defects such as Mo
and S vacancies, di- and triple vacancies, as well as
reconstructed edges (armchair and zigzag) are more
prevalent.60,62 Past investigation based on density functional
theory followed by molecular dynamics has indicated that the
water molecule (note that NaOH is dissolved in water for our
studies) gets dissociated into its constituents, namely, OH−
and H+ at these defect sites.61,63 The OH− ionic species
generated during dissociation thus get adsorbed on the Mo
atoms as well as on the NiO layer forming an excess of
NiO(OH).24,64 The charge-transfer process occurring at the
NiO(OH)/MoS2 surface oxidizes the glucose molecule when it
comes in the contact with the electrode surface to convert it to
gluconolactone (eq 4). Table 1 compares these results with
other electrode systems reported in the literature for glucose
detection.
To investigate whether the hybrid system designed herein
can sense the glucose molecule much below widely reported
concentrations, we decided to conduct the CV measurements
while varying the glucose concentration from 10 μM to 1 mM.
Figure 6a shows the superimposed CV plots recorded using a
nanosheet-modiﬁed NiO specimen, where MoS2 particulates
are grown using 50 laser pulses (synergetic combination
optimized from the previous experiment). Figure 6b,c shows
the glucose-sensing activity (slope value) extracted from
experimental and simulated CV plots, respectively. The
glucose-sensing activity is observed to be highly sensitive as
compared to NiO (Figure 4c). The diﬀerence observed in the
values for experimental and simulated results for MoS2
nanosheet-modiﬁed NiO structures is likely due to limitations
with the incorporation of morphological defects associated
with the material in the COMSOL model (Figure 6b,c).
A systematic change in the redox peak position is observed
as the glucose concentration is increased in the electrolyte.
Noticeable response recorded in CV plots even for extremely
low concentration of glucose (10 μM) makes the results
signiﬁcant. To our knowledge, this is also one of the lowest
concentrations of the NiO-based glucose-sensing system yet
reported.69 The stability of the MoS2/NiO electrode was
conﬁrmed by repeating the CV measurements for the sensor
shown in Figure 6a after 150 days under similar experimental
conditions (see Figure S7 in the Supporting Information).
The results presented in this paper demonstrate that the
hybridizing NiO layered structure with MoS2 can produce a
highly reactive environment for glucose molecules. The

Figure 5. (a) Experimental CV curves recorded at a scan rate of 5
mV/s in the NaOH (0.1 M) solution without and with 10 mM
glucose reagent for MoS2/NiO electrodes. The numbers in the
parentheses in each graph indicate the number of pulses during MoS2
deposition on NiO (after the conﬁrmation of each curve to be
overlapped absolutely). (b) Superimposed simulated CV curves at a
scan rate of 5 mV/s using the COMSOL model for the NaOH (0.1
M) solution without and with 10 mM glucose for the MoS2/NiO
electrode.

For the simulated CV plot, the oxidation current values were
smaller than the experimental values. However, this diﬀerence
is due to the limitation on the compatible material used in the
COMSOL model. The MoS2 patches (to act as surface defects
present at MoS2) created in the COMSOL model on top of the
NiO layer (Figure S5b) are observed to shift with the redox
G
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Table 1. Comparison of the Current Results with Those from Other NiO/MoS2-Based Electrode Systems Reported in the
Literature65−68
working electrodes

electrode type

NiO/MoS2 composite

screen printed electrode

NiO/MoS2/GCE

conventional
system
conventional
system
conventional
system
conventional
system

Ni(OH)2/MoSx/CNT/PI
Ni-MoS2 hybrid and MoS2-Gr/
GCE
Cu2O/MoS2/GCE

three electrode
three electrode
three electrode
three electrode

electrolytes
0.1 M
(NaOH)
0.1 M
(NaOH)
0.1 M
(NaOH)
0.1 M
(NaOH)
0.1 M
(NaOH)

detection potential
(V)

detection range

change in redox peak
potential

0.6

10 μM−10 mM

yes (20 mV)

0.55

0.01−10 mM

no

this
work
65

1.0

10−1600 μM

no

66

0.8

0−4 mM

no

67

0.7

0.01−4.0 mM

no

68

refs

Figure 6. (a) Superimposed CV plots recorded at the scan rate of 5 mV/s using the MoS2/NiO specimen (MoS2 grown using 50 laser pulses) in
the NaOH (0.1 M) solution by adding glucose at concentrations from 10 μM to 1 mM. (b, c) Glucose-sensing activity extracted from experimental
and simulated CV plots, respectively (the error bars in “b” represent one standard deviation calculated from four diﬀerent electrodes). (d)
Proposed glucose oxidation mechanism at the surface of MoS2/NiO composites.

synthesized NiO layered structures and functionalized with
nanostructures of pulsed-laser-deposited MoS2. The edge sites
and the defects present on the MoS2 particulates loaded on
NiO are thought to improve the catalytic activity by producing
a highly reactive environment around it. The reactive
environment eﬀectively dissociates water molecules present
in the electrolyte, producing multiple active ionic species even
at room temperature via induced electrostatic interactions. The
H+ ionic species generated during the dissociation process
continues to diﬀuse on the MoS2 surface, modifying it
throughout the measurement due to the quantum nature of
the species. The enhancement in the electrocatalytic activity
observed for our system is believed to be due to two diﬀerent
surface processes, namely, (i) the electrochemical activity that
takes place at the NiO surface due to adsorption of OH− ionic
species and (ii) the diﬀusion of H+ species on the MoS2
nanostructured surface, which happens after (i). The chargetransfer process occurring at the NiO(OH)/MoS2 surface then
leads to the oxidation of glucose molecules, enabling their
detection via a direct electron-transfer process. During the
process, Ni2+ gets converted into Ni3+ and is observed to play a

synergic combination triggers the electrochemical reaction via
a fast and direct electron-transfer process occurring at the
modiﬁed surfaces, enabling detection of a glucose molecule by
oxidizing it at low concentrations. The glucose oxidation
mechanism that is expected to occur for this nonenzymatic
platform is schematized as Figure 6d. The carbon-paper-based
electrode we have developed has a very simple construction
and can enable a low-cost glucose detection method. In fact,
the simple construction of the electrode (Figure 1) can enable
the use of a compact electrochemical analyzer for convenient
on-site readout.70 The mechanism based on potential shift for
glucose detection is robust, reliable, and stable. The work will
thus lead to highly beneﬁcial low-cost glucose-sensing
modality.

4. CONCLUSIONS
In summary, we have used state-of-the-art interface engineering to fabricate the advanced electrode system enabling us to
detect glucose molecules present in an alkaline medium at
extremely low concentrations. To achieve this, commercially
available paper electrodes are loaded with hydrothermally
H
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contributed to interpreting the data and commented on the
manuscript.

key role in oxidizing the glucose molecules for its detection
even at very low concentrations. The electrochemical detection
of glucose for both NiO and NiO−MoS2 was veriﬁed by
COMSOL simulation. The results point to the self-mediated
NiO−MoS2 electrode as a new sensing platform for glucose
without any enzyme or mediator.
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