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Molybdenum sulfide (MoS,) may be a promising material for biosensing applications due to their remarkable
electronic, electrochemical attributes, and luminescence properties. Herein, thin layered MoS, deposited on car-
bon nanospheres with microporosity (m-MoS,@CNS) was prepared through a simple dip-calcination method.
The as-prepared m-MoS,@CNS exhibits the well-defined pore, high surface area, and good electrical conductivity,

which lead to facilitated electron/ion transport during electrochemical reaction. Based on their outstanding elec-
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trochemical properties, the m-MoS,@CNS reveals the excellent performance as a non-enzymatic detection of hy-
drogen peroxide in a wide concentration range, from 0.1 mM to 20 mM, with high sensitivity (8.89 pA/mM-cm?)
and low limit of detection (7.5 pM, S/N = 3). Moreover, the electrode has a favorable selectivity, reproducibility,
and fast response time (~ 7 s). Thus, the m-MoS,@CNS has a great potential as an electrocatalyst for the efficient
detection of hydrogen peroxide.

1. Introduction

Hydrogen peroxide (H,0,) is an important molecule used as not only an
oxidizing agent in various fields, such as pulp, cosmetics, food, and pharma-
ceutical industries but also a mediator in biological system [1-5]. In partic-
ular, abnormally high concentration of H,O, in vivo induce the neuronal
apoptosis, which can cause neurodegenerative diseases, such as
Parkinson's, Alzheimer's, and multiple sclerosis [6-9]. Moreover, the
H,0,-generated by enzyme-catalyzed reaction in vitro has been considered
as one of the most valuable markers for analytical/clinical diagnostics [10].
Therefore, the precise detection and quantification of H,O, are in great de-
mand. Up to now, numerous techniques, such as colorimetric, luminescent,
fluorescent, and electrochemical methods have been exploited [11-15].
Among them, electrochemical detection is one of the most convenient
methods, which allows for rapid, accurate, and sensitive quantitation
[16]. The H,0, detection can be accomplished via enzymatic and nonenzy-
matic approaches [16]. Hydrogen peroxidase has been widely used as an
enzymatic probe due to high activity and specificity towards H,O, [17].
However, several drawbacks of enzyme-based approaches have been
emerged in practical applications: i) reduced and loss of enzyme activity
in harsh condition, ii) poor storage and operational stability, and iii) high
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cost and time-consuming production. Nonenzymatic detection is based on
catalytic nanomaterials that display peroxidase-like activity, which has
drawn great attention due to the unique advantages over natural enzymes,
such as low cost, scalable production, high stability, and tunable catalytic
activity [18].

Layered transition metal dichalcogenides, such as MoS,, MoSes, CuS,
and VS,, have been explored for highly sensitive biosensing due to
their remarkable electronic and optical properties [19-22]. Among them,
MoS, with a S-Mo-S layered sandwich structure has been extensively
investigated as a promising electrode material for electrochemical bio-
sensing of H>O, [19,23]. However, its inferior electrical conductivity
(<2.09 x 10™° S/cm) and the limited active sites arising from multi-
stacked layer of the MoS, are major drawbacks to adopted as an electrode
towards practical applications [24]. A number of studies have been devoted
to overcome these problems: i) tuning the atomic structures, ii) nanosizing,
and iii) coupling with conductive agents [25-27]. In particular, direct an-
choring of MoS, to nanocarbons, such as carbon dots, carbon nanotubes,
and graphene improved the electrochemical performances due to excellent
electrical contact and high loadings [28-30]. Nevertheless, it still a chal-
lenge to fabricate electrode with the tailored pore structures to ensure
efficient ion transport in electrochemical process.
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Scheme 1. Schematic illustration of the preparation of m-MoS,@CNS.

In this work, we demonstrate the preparation of the microporous MoS,
on carbon nanospheres (m-MoS,@CNS) that ensure high performance of
nonenzymatic electrochemical detection of H,O,. The thin layer of MoS,
was formed on microporous carbon nanospheres via a simple dipping-
calcination method. The well-defined pore system of m-MoS,@CNS pro-
vides a large surface area and an efficient pathway for ion transport during
electrochemical reactions. In addition, as-prepared m-MoS,@CNS shows
the excellent electrocatalytic activities towards H,O», leading to high sensi-
tivity over a wide linear range, selectivity, stability, and reproducibility.

@) (b)

2. Experimental section
2.1. Materials

Ammonium tetrathiomolybdate ((NH4)>MoS,), uric acid (UA), dopa-
mine hydrochloride (DA), and glucose were purchased from Sigma-
Aldrich. Hydrogen peroxide (H,0,) and sodium hydroxide (NaOH) were
obtained from Junsei. All chemicals were used as supplied without further
purification.

Fig. 1. TEM images of (a) PVP-ONS, (b) PVP-ONS after dipping in (NH,)>MoS, solution, and (c) m-MoS,@CNS. HR-TEM images of (d) PVP-ONS after dipping in (NH,)>Mo0S4
solution and (e and f) m-MoS,@CNS; interlayer spacing is about 0.62 nm. (g) EELS elemental mapping of m-MoS,@CNS.
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Fig. 2. (a) XRD pattern, (b) Raman spectra, (c and d) XPS spectra of Mo 3d and S 2p of the m-MoS,@CNS, respectively.

2.2. Synthesis of m-MoS,@CNS

The synthesis of m-MoS,@CNS is presented in Scheme 1. First, the
polyvinylpyrrolidone-entrapped organic nanospheres (PVP-ONS) were pre-
pared as a template following the reported method [31]. Then, 50 mg of the
PVP-ONS was sonicated in methanol (20 mL) for 1.5 h, mixed with 0.114 g
of the (NH4)>MoS, (0.114 g), and heated at 80 °C overnight. Afterward, the
excess (NH4)>MoS, was removed by centrifugation/wash/redispersion
in methanol. The resultant solid was dried under vacuum for 12 h. Finally,
the as-prepared powder was heated to 800 °C in inert Ar flow with a
heating rate 5 °C/min and then held for 3 h. As-synthesized samples at
each step was.

2.3. Electrode preparation

Prior to use, the glassy carbon electrode (GCE) was first polished with
0.05 pm alumina slurry and then washed several times with ethanol and de-
ionized water. Three milligrams of as-prepared m-MoS,@CNS were dis-
persed in 6 mL of ethanol and sonicated in water bath for 30 min to

obtain a homogenous dispersion. A 5 pL of final suspension was dropped
onto the GCE and dried in air. Afterward, a 5 pL of Nafion solution
(0.5 wt%) was drop cast onto the m-MoS,@CNS modified GCE and dried
under vacuum at room temperature.

2.4. Material and electrochemical characterization

Scanning electron microscopic (SEM) images were obtained using a
JSM6700F. High resolution transmission electron microscopy (HR-TEM)
and electron energy loss spectroscopy (EELS) images were collected using
JEOL JEM 2100F. X-ray diffraction (XRD) pattern was recorded on Rigaku
MAX-2200 diffractometer. X-ray photoelectron spectroscopy (XPS) investi-
gation was performed on Thermo VG spectrometer with Al Ka X-ray source
(1486.7 eV). The adsorption-desorption isotherm of N, were measured at
77 K using a BELSORP II-mini equipment and a Micromeritics ASAP2020.
Raman spectra were obtained by Renishaw inVia™ Raman spectrometer.
Electrochemical measurements were carried out using Bio-Logics SP-200
potentiostats at room temperature with three electrode system: a Pt wire
as the counter electrode, an Ag/AgCl (3 M KCl) as the reference electrode,
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Fig. 3. BET N, adsorption-desorption isotherm of the m-MoS,@CNS. Inset is corresponding pore size distribution.

and the modified GGE as the working electrode. AC impedance was per-
formed in the range of 0.01 Hz to 100 kHz at disturbance potential of
10 mV.

3. Results and discussion

The ultra-thin layer of MoS, on carbon nanospheres with microporosity
was prepared by the following steps: the PVP-entrapped organic nano-
spheres (ONS) as templates were firstly synthesized by the Sonogashira
coupling of tetra(4-ethynylphenyl)methane and 1,4-diiodobenzene in pres-
ence of PVP. Representative TEM images of ONS shown in Fig. 1a con-
firmed that the ONS have uniform spherical shape with an average
diameter of 82 nm. After immersion in (NH4)>MoS, solution, surface shell
was formed due to trapping MoS3 ~ at the surface via ionic-dipole interac-
tion between amine groups of PVP and MoS; ™~ (Fig. 1b and d). No lattice
fringes can be observed in Fig. 1d, indicating that surface shell is amor-
phous. As shown in Fig. 1c and d, the entrapped MoS3 ~ onto ONS led to for-
mation of MoS, thin layer on carbon nanospheres (CNS) by heat treatment.
The HR-TEM images confirmed that thin layer of MoS, not only was
4-6 nm in thickness and but also has lattice spacing of 0.62 nm correspond-
ing to (002) plane of crystalline MoS, (Fig. 1e and f) [32]. The PVP-ONS,
PVP-ONS immersed in (NH,),MoS, solution, and m-MoS,@CNS samples
were also observed by SEM, which shows the uniform spherical shapes
with slight aggregation (Fig. S1). Elemental mapping of m-MoS,@CNS in
Fig. 1g reveals Mo, S, and C elements were located across entire area of
the particles. Interestingly, both Mo and S intensities are higher at the
edge of spheres, which verifies conformal coating of MoS, on the surface
of CNS.

The crystal structure and chemical composition of the as-obtained prod-
uct were characterized by powder XRD, Raman, and XPS measurements.
Fig. 2a shows the XRD pattern of the as-prepared m-MoS,@CNS. The
broad diffraction peaks located at 14.3, 33.1, 38.3, and 58.3° can be well
indexed to the (002), (100), (103), and (110) planes of hexagonal MoS,, re-
spectively (JCPDS: 37-1492) [32]. Moreover, the presence of the broad dif-
fraction peaks between 20 and 30° suggests the carbon in m-MoS,@CNS
should be amorphous owing to low annealing temperature. Fig. 2b repre-
sents the Raman spectrum of m-MoS,@CNS. Two peaks at 382 and
403 cm ™! can be observed, which correspond to opposite vibration of

two S atoms against Mo atoms and out of plane vibration of only S atoms,
respectively [33]. Besides, the two additional board peaks are observed at
1360 and 1592 cm ™}, attributed to D-band and G-band of carbon content
in as-prepared composites [34]. The Ip/Ig ratio was estimated to be 0.83,
indicating that a mixture of sp® and sp® carbon was formed during carbon-
ization at given temperature. To further obtain the compositional informa-
tion of m-MoS,@CNS, XPS measurements were conducted. In Fig. 2c, the
high resolution XPS spectrum of Mo 3d reveals the two major peaks at
232.3 and 229.2 eV, attributed to the Mo** 3d;,, and Mo** 3ds, respec-
tively, in MoS, [35]. Besides the Mo* " signal, the additional peak observed
around 236 eV corresponds to Mo®* 3ds,» due to amorphous MoOs species
derived from the exposure of the samples to air. High resolution XPS spec-
trum of S 2p shows the peaks at 163.2 and 162.0 eV, assigned to S 2p; ,» and
S 2p3,, respectively, indicating — 2 oxidation state of sulfur in MoS, [35].

N, adsorption-desorption isotherm at 77 K was performed to character-
ize the textural properties of the as-prepared m-MoS,@CNS. Fig. 3 shows
the typical adsorption-desorption isotherm of m-MoS,@CNS. N, adsorp-
tion content rapidly increases at low relative pressure (below 0.02), indicat-
ing structured with micropores (Type I) [36]. Also, the BET surface area of
m-MoS,@CNS reaches up to 420.3 m?/g. It results from the formation of
microporous network during carbonization of (NH4)>Mo0S4@ONS. The
pore size distribution of the samples was also calculated by the density func-
tional theory. As shown in inset of Fig. 3, the m-MoS,@CNS represent nar-
row micropore distribution with an average pore size of 2.20 nm. Thus, m-
MoS,@CNS with large surface area can be expected to significantly as
promising materials for electrochemical applications where electron and
ion transport is dominant.

The electrochemical properties of the m-MoS,@CNS and c-MoS, was
investigated by CV and EIS measurements in 5 mM [Fe(CN)]3~/* solution.
As shown in Fig. 4a, a pair of redox couple of [Fe(CN)]2~/# are observed at
both electrodes. Interestingly, the m-MoS,@CNS reveals dramatic increases
in peak currents and significant decreases in peak to peak separation, com-
paring with the c-MoS; electrode. This result indicates that the m-MoS,@
CNS allows for the facilitated electron transfer and improved accessibility
of ions, arising from conductive carbon matrix, well-defined pores, and
large surface area. Fig. 4b represents CV curves of m-MoS,@CNS measured
at different scan rates from 2 to 50 mV/s. It is clearly observed that peak
currents increase along with the scan rates. Moreover, a linear relationship
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Fig. 4. CV curves of the electrodes based on (a) c-MoS, and m-MoS,@CNS at 20 mV/s and (b) m-MoS,@CNS at various scan rate from 2 to 50 mV/s in 5 mM [Fe(CN)]g’/ 4
containing 0.1 M KCL. (c) Plot of redox peak current of m-MoS,@CNS electrode vs. square root of scan rate. (d) Nyquist plot of c-MoS, and m-MoS,@CNS electrodes.

between peak currents and square root of scan rates are obtained (Fig. 4c),
indicating diffusion-controlled electrochemical process with fast electron
transfer [37]. Fig. 4d shows the Nyquist plot of m-MoS,@CNS and c-
MoS, electrode. The semicircle diameter of the EIS curves was used to esti-
mate the charge transfer resistance (R.,) of electrodes. The R, value of m-
MoS,@CNS was 6.6 kQ2, much lower than that of c-MoS,, (501 k<2). The im-
proved charge transfer of electrode might be due to unique architecture and
good conductivity of the m-MoS,@CNS, similar to the results obtained
from CV.

The electrocatalytic activity of m-MoS,@CNS towards H>O, was eval-
uated by using three electrode system in Nj-saturated 0.1 M NaOH elec-
trolyte at the scan rate of 20 mV/s. Fig. 5 represents typical CV curves
of m-MoS,@CNS and c-MoS, with 0.1 mM H,0,. The m-MoS,@CNS ex-
hibits the strong cathodic response (2.7 mA) at —0.37 V, which is ~2
times higher than that of c-MoS, in presence of H,0,. It indicates that
the m-MoS,@CNS has a better catalytic activity towards H,O- due to a fa-
cilitated ion/electron transport originated from microporosity and good
conductivity. In addition, cathodic current of m-MoS,@CNS increases as
increasing H,O, concentration ranging from 0 to 0.7 mM (Fig. 5b).
From this result, m-MoS,@CNS can be employed as an amperometric
sensing platform without enzymes (i.e., HRP) for precise and accurate de-
tection of Hy0,.

Fig. 6a reveals the amperometric response of m-MoS,@CNS recorded
at —0.35 V in 0.1 M NaOH with successive addition of H,O,. As shown,
the cathodic current rapidly increases with addition of H,O5 and reaches
the steady-state within 7 s. The linear responses with a slope of —0.628
(R% = 0.998) and — 0.394 pA/mM (R? = 0.995) were observed at con-
centration range from 0.1 to 1 mM and from 2 to 20 mM, respectively
(Fig. 6b). From the slope of the calibration curve at low concentration,
the sensitivity and limit of detection (S/N = 3) were calculated to be
8.89 yA/mM-cm? and 7.5 pM, which are comparable values to other re-
ported nonenzymatic H,O5 sensors (Table 1). In addition, the selectivity,
one of significant figures of merit, was testified by addition of several
potential interfering species, such as ascorbic acid (AA), uric acid (AA)
and glucose. As shown in Fig. 6¢, the amperometric response was negli-
gibly changed after injection of interfering species while the cathodic
current sharply increases with addition of H,0,. It indicates that the
electrochemical sensor based on m-MoS,@CNS has a good anti-
interference and a high selectivity. In order to evaluate the reproducibil-
ity of m-MoS,@CNS, the amperometric response for 2 mM H,0, was re-
corded and the corresponding results was depicted in Fig. 6d. The
relative standard deviation (RSD) obtained from the five individual elec-
trodes is 2.5%, indicating an excellent reproducibility for detection of
H202.



LW. Cho et al.

Journal of Electroanalytical Chemistry 876 (2020) 114739

—— c-MoS:2
21  — m-MoS2@CNS
—
< of
o
-
C
()]
=
S -2
O
-4

-0.8 -0.6

-0.4 -0.2 0.0

Potential (V vs. Ag/AgCl)

<
3
~ -2
-
c
@
=
S -4
O
-6 A

-0.8

-0.6

-0.4 -0.2 0.0

Potential (V vs. Ag/AgCl)

Fig. 5. CV curves of (a) c-MoS, and m-MoS,@CNS electrodes in N,-saturated 0.1 M NaOH containing 0.1 mM H,0, at scan rate of 20 mV/s. (b) CV curves of m-MoS,@CNS

electrode with different concentration of H,O, at 20 mV/s.

4. Conclusion

The m-MoS,@CNS with unique morphology, high surface area, and ex-
cellent catalytic activity has been successively prepared via a simple dip-
calcination procedure with a colloidal template (i.e., microporous carbon
nanospheres). The intrinsic microporosity of templates plays a key role in
entrapment of MoS, precursor ions, leading to formation of m-MoS,@
CNS with well-defined pore system after heat treatment. As-prepared
m-MoS,@CNS exhibited the improved electrochemical properties and

nonenzymatic electrocatalytic activities towards H,O, with high sensitiv-
ity (8.89 pA/mM-cm?) over a wide linear range, low detection limit
(7.5 pM), and superior selectivity. In addition, the m-MoS,@CNS re-
vealed the excellent stability and reproducibility with RSD of around
2.5%. The high performance of m-MoS,@CNS is attributed to a large ac-
cessible surface area originated from their microporous structures and to
efficient and fast ion/electron transfer during electrochemical reactions.
Electrochemically active accessible area of ions and the facilitated ion/
electron transport.
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Table 1
Comparison of analytical performance of various nonenzymatic H,O, sensors.

Electrode Sensitivity Limit of Linear range References
(pA/mM~cm2) detection (mM)
(uM)
a-Fe,03 7.16 10 0.1-5.5 [38]
Ag/FeOOH 8.07 22.8 0.03-1.5 [39]
Ag/MoS, 54.5 35 0.025-135.2 [40]
Ag NW array 0.132 109 0.5-9.9 [41]
H3PMo0;0,40/PANI 6.3 8.1 0.1-10 [42]
nanopillar
MoS,-ICPC - 11.8 0.02-0.3 [43]
m-MoS,@CNS 8.89 7.5 0.1-1.0 This work
5.57 11.7 2-20

NW: nanowire, PANI: polyaniline, ICPC: interconnected porous carbon
heterostructure.
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