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a b s t r a c t

We report here the rational development of MnO2 nanorods coated tea bag filter paper (TBFP) as a self-
standing, bendable, and disposable electrochemical probe for the sensitive and selective H2O2 detection
and addresses their challenges in H2O2 sensing via the replacement of ‘O’ with ‘S’ in the form of MnS
microcubes and its core@shell architecture with MoS2. The as-configured MnS@MoS2/TBFP overwhelms
the constrains of conventional electrochemical probes including time and cost consumed electrode
surface renewability and catalyst loading progression, and the practice of an insulating binder. The hi-
erarchical open porous architectures of MoS2-shell favour the diffusion of H2O2 into the core-MnS
microcubes, facilitating an analyte utilization efficacy at both the core and shell architectures. The im-
pacts of core@shell morphological features, replacement of ‘O’ with ‘S’, surface defects, and lattice dis-
tribution of MnS@MoS2 toward non-enzymatic H2O2 sensing performances are elucidated using variant
electrochemical techniques. With the synergism of uniformly implanted and exposed metallic active
sites, efficient electron transfer rate, and high analyte utilization efficiency, MnS@MoS2/TBFP exposes the
low detection limit (120 nM), excellent sensitivity (650 mA mM�1 cm�2), and wide linear range (500 nM-
5 mM) on H2O2 detection. Furthermore, the scrutinized non-enzymatic H2O2 detection concerts of MnS/
MoS2/TBFP are selective, decisive, repeatable, and stable, constructing the excellent recovery rates in
human urine sample analyses. Thus, the collective benefits of free-standing, flexible, binder-less, re-
functional, and cost-efficient MnS@MoS2/TBFP probe actualize the evolution of affordable and high
performance H2O2 sensors.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The effectual oxidizing and reducing characteristics of hydrogen
. Raja), kumarg2006@gmail.
peroxide (H2O2) construct its prospective applications in a number
of chemical, food, pharmaceutical, clinical, and textile industries
[1e3]. However, the inevitable disclosure of H2O2 renders patho-
logical disorders in humans including malfunction of deoxy-
ribonucleic acid (DNA), cardiovascular, diabetics, carcinogenesis,
renal diseases, ageing etc., driving the development of accurate,
simple, durable, sensitive, cost effective, and selective H2O2 diag-
nosis devices [4,5]. Compared to the prevailing H2O2 detection
methods, non-enzymatic electrochemical technique has elucidated
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massive inquisitiveness, owing to its good selectivity, high sensi-
tivity, anti-interference ability, lower detection limit, and possibil-
ity for miniaturization [6,7].

However, the catalytic reduction of H2O2 at conventional bare
electrodes require large over potential and demonstrate sluggish
electrokinetics, owing to their limited electrical conductivity and
surface area [8,9]. It obviates the modification of conventional
electrodes with catalytic structures to curtail the over potential.
Although preciousmetal nanocatalysts (Au [10], Pt [11], Pd [12], and
Ag [13]) were exploited for H2O2 detection, their constraints
including scarcity, surface poisoning, and fouling incarcerated their
scale-up processes [10e13]. Hence, several research accomplish-
ments have been consummated on non-precious metal nano-
structures including CuO [14], SnO2 [15], Fe2O3 [16], CdO [17], Co3O4
[18], NiO [19], MnO2 [20], and ZnO [21] for effectual H2O2 sensing.
Amid the above, MnO2 has drawn momentous consideration in
H2O2 detection because of its constructive features of earth-
abundant, cost-efficient, non-hazardous, low band gap energy
(1.0e1.3 eV), rational electrical conductivity, small radial diameter,
and elevated tunnel size (4.6 - 7.0 Å) [22e24]. In this line, MnO2
nanorods on glassy carbon electrode (GCE) manifested the mod-
erate sensitivity of 2.74 mA mM�1 toward non-enzymatic H2O2
sensing [25]. Babu et al., explored the morphological influences of
MnO2 nanostructures including nanorods, nanobelts, and nano-
flowers on H2O2 detection [26]. Although MnO2 nanorods
demonstrated better H2O2 sensing performance compared to those
of nanobelts and nanoflowers due to the maximum adsorption of
H2O2 in the large tunnel size of nanorods, the acquired sensing
performance was not adequate enough for practical applications,
owing to the limited electrical conductivity ofMnO2 nanostructures
(10�5 - 10�6 S cm�1) [26]. Although the electrical conductivity of
MnO2 nanostructures was improved via its hybridization with
NGNF, the significant impetus on non-enzymatic H2O2 sensing
performance was not acquired, entailing the acceleration of
immense research activities to improve the electrochemical activity
of MnO2 nanostructures [27].

The substitution of ‘oxygen’ (O) with ‘sulfur’ (S) in MnO2 lowers
the energy barrier for an efficient electron transfer for the reason of
the relatively weaker bond of metal (M)-S compared to that of
M � O, facilitating the electrical conductivity of M � S [28].
Furthermore, M � S demonstrates superior physiochemical prop-
erties compared to M� O because of its limited variation in volume
under harsh electrochemical regimes [29]. Despite the exploitation
of MnS nanostructures in dopamine sensing [30], their influences
on H2O2 electroreduction have not been realized yet. Moreover,
MnS suffers with the easier aggregation and confined electron
transfer rate [31], which would be swamped with a specific surface
engineering of MnS nanostructures in the form of core@shell ar-
chitectures. In this line, molybdenum sulfide (MoS2) nano-
structures have acquired substantial consideration, owing to its
graphene-like layered structure, in which the stacking of three
atom layer of SeMoeS is architecturedwith theweak van der waals
forces, demonstrating the productive features including high
electrical conductivity, easier functionalization, large surface area,
effectual immobilization on electrodes, and elevated oxidative
stability [32,33]. However, the core@shell synergism of MnS@MoS2
microstructures has not been actualized yet in H2O2 detection,
which not only confines their electrochemical applications but also
prohibits the developmental activities of H2O2 sensors.

On the other side, the typical non-enzymatic H2O2 detection
probes experience certain impediments including the high-priced
electrodes and their tiresome pre-treatment and catalyst modifi-
cation processes, blocked active sites with an inactive binder, and
surface poisoning, which cumulatively suppresses the scale-up
processes of non-enzymatic H2O2 sensors [34,35]. Hence, it is
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enviable to expand the innovative research strategies for the evo-
lution of time- and cost-efficient electrochemical probes. Addi-
tionally, the current diagnostic field requires the miniaturized and
bendable sensing devices for on-site applications, urging the
advancement of bendable electrochemical probes without any
sacrifice in H2O2 sensing performance under different bending
angles. Accordingly, we report here the development of MnO2
nanostructures coated tea bag filter paper (TBFP) as a self-standing,
bendable, and disposable electrochemical probe for the sensitive
and selective H2O2 detection and revitalize their role in H2O2
electrochemical sensing by converting MnO2 into MnS and its
core@shell architecture configuration with MoS2 nanostructures.

2. Experimental

2.1. Materials

The succeeding chemicals were inherited from relevant firms
and used exclusive of any purification progression: Manganese(II)
chloride tetrahydrate (MnCl2.4H2O, �99%, Sisco Research Labora-
tories), sodium molybdate dihydrate (Na2MoO4.2H2O, � 98.5%,
Merck), sodium hydroxide (NaOH (pellet), �98%, Merck), potas-
sium permanganate (KMnO4, �99%, Merck), thiourea (CH4N2S,
�99%, Alfa Aesar), potassium chloride (KOH, �99.5%, Merck), uric
acid (UA, �99%, HPLC, Alfa Aesar), ascorbic acid (AA, �99.5%, Alfa
Aesar), dopamine (DA, �99%, Merck), acetaminophen (AP, �99%,
Merck), sodium chloride (NaCl, �99.5%, Merck), hydrogen peroxide
(H2O2, 30%, Merck), urea (U, �99%, Merck), L-Cysteine (Cys, �98%,
Merck), L-Leucine (Leu, � 99%, Merck), L-Histidine (Hys, � 99%,
Merck), L-Tyrosine (Tyr, �98%, Merck), mannose (Man, � 99%,
Sigma Aldrich), glutathione (GSH, �98%, Merck), sucrose (Suc,
�99%, Sigma Aldrich), glucose (Glu, �99.5%, Sigma Aldrich), fruc-
tose (Fru, �99%, Sigma Aldrich), sodium nitrate (NaNO3, �99%,
Sigma Aldrich), sodium sulfate (Na2SO4, �99%, Sigma Aldrich) etc.,
The mercantile tea bag filter paper (TBFP) was acquired from local
shop and splashed with de-ionized water / ethanol / acetone and
dried at 70 �C before use.

2.2. Preparation of MnO2 nanorods

The hydrothermal treatment of a mixture containing 4 M NaOH
and 0.3 M MnCl2.4H2O with 30 wt% H2O2 was accomplished at
150 �C for 20 h and the ensuing product was rinsed with de-ionized
water, dried overnight at 80 �C.

2.3. Preparation of MnS microcubes

The precipitate acquired from the hydrothermal treatment of
0.4 mMMnO2 with 3.2 mM CH4N2S at 180 �C for 20 h was dried for
12 h at 80 �C.

2.4. Preparation of MnS@MoS2 architectures

The hydrothermal treatment of a mixture containing 0.2 mM
Na2MoO4.2H2O, MnS dispersion (1 mg ml�1), and 1.5 mM CH4N2S
at 180 �C for 20 h yielded the MnS@MoS2 architectures. The ob-
tained product was then gathered via centrifugation and dehy-
drated at 100 �C for 12 h. The weight ratios of 1:1, 2:1, and 3:1 were
retained between the MnS and MoS2 of MnS@MoS2 architectures.

2.5. Modification of TBFP with processed nanocatalysts

The pre-treated TBFP was drenched into the processed catalyst
dispersion (1.5 mg ml�1) and de-moisturized at 80 �C before the
electrochemical characterizations. MnO2, MnS, and MnS@MoS2
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microstructures loaded TBFP are nominated, respectively, as MnO2/
TBFP, MnS/TBFP, and MnS@MoS2/TBFP and 0.75 mg cm�2 catalyst
loading was perpetuated for the processed TBFPs
(resistance < 104 U cm�1).
2.6. Material characterizations

Morphological possessions of configured materials were
inspected using HITACHI-SU3500 Scanning Electron Microscopy
(SEM) and H-9500 Transmission Electron Microscopy (TEM). ARL
EQUINOX 100 X-ray diffractometer was applied to appraising the
diffraction patterns of processed materials. The structural charac-
terizations of processed materials were acquisitioned with DXR™3
Raman, Nicolet™ iS50 FT-IR, and ESCALAB™ XI X-ray photo elec-
tron spectroscopies (XPS). Electrical conductivities of processed
materials were scrutinized using Agilent 4156C analyzer.
2.7. Electrochemical characterizations

The electrochemical behaviors of processed TBFPs were probed
with CHI-650D electrochemical workstation as reported elsewhere
[6]. The amperometric i-t performance of MnS@MoS2/TBFP was
assessed at �0.4 V vs. Ag/AgCl against the divergent H2O2
concentrations.
3. Results and discussion

The SEM images of processed MnO2 materials specify the uni-
formly distributed nanorods with the mean diameter, thickness,
and length, respectively, of 560 nm, 170 nm, and several hundred
micrometers (Fig. 1a). Mn(OH)2 generated from the reaction be-
tween Mn2þ and hydroxyl (OH�) ions is oxidized into MnO2
nanostructures with the aid of H2O2 [36].

Mn2þ þ 2OH‑ / Mn(OH)2 (1)

Mn(OH)2 þ H2O2 / MnO2 þ 2H2O (2)
Fig. 1. SEM images of as-prepared (a) MnO2, (b) MnS, and (c and d) MnS@MoS2
structures with the insets in (b) and (c) depicting, respectively, the schematic illus-
tration of the MnS, and MnS@MoS2 structures.
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The as-prepared MnS materials demonstrate the cube
morphology with a homogeneous size of 2.6 mM (Fig. 1b). Under
hydrothermal process at 200 �C, MnO2 is transferred into Mn3O4
with the liberation of O2 molecule [37]. Hydrogen sulphide (H2S)
produced from the hydrolysis of thiourea combines with Mn3O4
and generates MnO, which is prolonged with the sulphidication
reaction, yielding the MnS nanostructures [38].

3MnO2 / Mn3O4 þ O2 (3)

CH4N2S þ 2H2O / 2NH3 þ CO2 þ H2S (4)

3Mn3O4 þ H2S / 9MnO þ SO2 þH2O (5)

MnO þ H2S / MnS þ H2O (6)

Under hydrothermal regime, the length of as-prepared nano-
rods is shortened because of the engaged dissolution process. It is
followed by the shoulder to shoulder attachment of shortened
nanorods, leading to the formation of microcubes.

On the other side, the SEM images of MnS@MoS2 architectures
reveal that MnS microcubes are homogeneously enveloped with
MoS2 nanosheets and the mean diameter of individual microcubes
is enhanced to 3.10 mM, enunciating the 500 nm thickness of MoS2-
shell material. The average thickness and length of individual MoS2
nanosheet are realized, respectively, as 24 nm and 900 nm (Fig. 1c
and d). The highly interconnected MoS2 nanosheets on MnS-core
demonstrate the sizeable and opened "V-type" channels between
the adjacent nanosheets, producing the crevices and pores along
the nanosheets. The synthesis of MoS2 is proceeded with the use of
Na2MoO4 and CH4N2S, respectively, as Mo and sulfur sources. The
positively charged Mo6þ ions are efficaciously adsorbed over the
negatively charged S2� of MnS microcubes via the electrostatic
interaction, proceeded with the chemical reduction of Mo6þ into
Mo4þ and the entangled growth and formation mechanism of
MnS@MoS2 is skeptically illuminated in Fig. S1 [39].

4Na2MoO4 þ 15 CH4N2S þ 6H2O / 4MoS2 þ Na2SO4 þ
6NaSCN þ24NH3 þ 9CO2 (7)

The TEM images of as-prepared MnS@MoS2 reveal that MnS
microcubes are robustly engulfed with the ultrathin MoS2 nano-
sheets, demonstrating the typical core@shell architecture. The
mean diameter of MnS@MoS2 architecture and the average thick-
ness and length of enveloped individual MoS2 sheets are identical
with their relevant SEM images (Fig. 2 a-c). The SAED pattern of
MnS@MoS2 divulges the rings and clear spots with the random
arrangement, allocating the polycrystalline structure of prepared
core@shell material (inset of Fig. 2c). The energy dispersive spec-
troscopy (EDS) elemental mapping of MnS@MoS2 exposes the
uniform distribution of Mn, Mo, and S, exposing the homogeneous
growth of core@shell architecture (Fig. S2).

The reflection planes observed for MnO2 nanorods including
(002), (006), and (119) represent the d-MnO2 structure (JCPDS No.
18e0802) (Fig. 3i(a)) [40]. On the other side, the cubic structure of
a-MnS is legitimated from the ascertained (111), (200), (220), (311),
(222), and (400) reflection planes, respectively, at 29.4, 34.2, 49.3,
58.4, 61.3, and 72.2� (JCPDS No. 06e0518) (Fig. 3i(b)) [41]. Along
with the diffraction peaks of MnS, the as-prepared MnS@MoS2
establishes the distinctive diffraction peaks of MoS2 at 13.9, 33.4,
39.3, and 58.5�, indexing, respectively, to the (002), (100), (103),
and (110) reflection planes of MoS2’s hexagonal structure (JCPDS
No. 73e1508) (Fig. 3i(c)) [42].

MnO2 nanorods reveal the sharp Raman band at 575 cm�1,
attributed to the in-plane MneO stretching vibrations and its



Fig. 2. TEM images of as-prepared MnS@MoS2 structures.

Fig. 3. (i) XRD patterns and (ii) Raman and (iii) FT-IR spectra of (a) MnO2, (b) MnS, and (c) MnS@MoS2 structures.
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fortified intensity is due to the maximal quadrivalent Mn atoms in
the birnessite structure (Fig. 3ii(a)). The bands scrutinized at 504
and 639 cm�1 symbolize the out-of-planeMneO vibrations and the
band at 383 cm�1 recognizes the MneO stretching mode of the
MnO6 octahedra (Fig. 3ii(a)) [43,44]. For MnS nanostructures, the
transverse optical phonon (TO) and longitudinal optical phonon
(LO) vibration modes are ascertained, respectively, at 320 and
365 cm�1 and the assemblage of TO and LO modes is witnessed at
652 cm�1. (Fig. 3ii(b)) [45]. Together with the characteristic Raman
bands of MnS, MnS@MoS2 demonstrates the MoS2 Raman bands at
368 and 400 cm�1, mentioning, respectively, in-plane E12g and out-
4

of-plane A1g vibrational modes of hexagonal MoS2 structure, stip-
ulating the establishment of MnS’s composite with MoS2
(Fig. 3ii(c)) [46].

The as-prepared MnO2 nanorods demonstrate the MneO lattice
vibration, and surface eOH groups of the Mn-O-Mn bond in MnO6
octahedral structure, respectively, at 465, 521, and 808 cm�1

(Fig. 3iii(a)) [47]. Furthermore, the eOH stretching and bending
vibrations of MnO2 structures are realized, respectively, at 3432 and
1635 cm�1 (Fig. 3iii(a)) [48]. The replacement of ‘O’ with ‘S’ in MnS
microstructures is enunciated from the MneS stretching vibration
(662 and 613 cm�1) and sulfide co-ordinationwith Mn (1254 cm�1)
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(Fig. 3iii(b)) [49]. The adsorption of carbon dioxide from atmo-
sphere on MnS is ascertained with the CeO (1025 cm�1) and C¼O
stretching vibrations (1561 cm�1) [50]. Core@shell formation of
MoS2 with MnS-core in the form of MnS@MoS2 is substantiated
from theMoeS stretching vibrations (613 cm-1), S-S bond (903 cm-1

), and other MoS2 related bands (1113 and 1418 cm-1) together with
the slightly shifted MnS microstructure’s distinctive FT-IR bands
(Fig. 3iii(c)) [51].

The as-prepared MnS@MoS2 manifests Mn 2p, Mo 3d, S 2p, and
O 1S peaks in the survey scan XPS spectrum (Fig. 4a). The core-level
XPS spectrum of Mn 2p discloses the distinctive peaks at 641.2 and
651.7 eV, imputed, respectively, to the Mn 2p3/2 and Mn 2p1/2
(Fig. 4b) [52]. Moreover, the satellite peaks of Mn 2p3/2 andMn 2p1/
2 are visualized, respectively, at 644.6 and 657.2 eV (Fig. 4b). The
interior level of Mo 3d spectrum deputes two peaks at 229.1 and
232.5 eV, endorsed, respectively, with the Mo 3d5/2 and Mo 3d3/2
peak (Fig. 4c) [53]. Moreover, the S 2s peak found at 226.2 eV re-
alizes the oxidation of active S edges. The subsistence of a single
doublet in S 2p region coincides with S 2p3/2 and S 2p1/2,
Fig. 4. (a) XPS full scan spectrum of as-prepared MnS@MoS2 and the de
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respectively, at 162.9 and 164.9 eV. The formation of sulfate species
via the oxidation of sulfur in air is enunciated from the peak at
168.4 eV (Fig. 4d) [54]. The prevailing M-O and oxygen in low co-
ordination at surface are comprehended, respectively, at 530.2 and
531.8 eV in the O 1s spectrum, specifying the prevalence of low
level oxygen coordination sites in the surface of MnS@MoS2 ar-
chitecture (Fig. 4e) [55].

The electrochemical behavior of processed TBFPs were scruti-
nized using cyclic voltammograms in 0.1 MNaOH (Fig. 5a) and all of
the processed TBFPs demonstrate moderate currents, in which
MnS@MoS2 exemplifies the decipherable current. The electro-
catalytic behavior of processed TBFPs towards H2O2 reduction was
scrutinized using cyclic voltammetry against 5 mM H2O2/0.1 M
NaOH at 100 mVs�1. Bare TBFP doesn’t establish H2O2 electro-
reduction as conspicuous from the obtained voltammogram,
related to the inadequate electron mobility paths, and lack of
electrochemically responsible sites of TBFP. Upon the surface
modification of TBFP with d-MnO2 nanorods, the reinforced H2O2
electroreduction behavior is witnessed from the moderate
-convoluted spectrum of (b) Mn 2p, (c) Mo3d, (d) S2p, and (e) O1s.



Fig. 5. (a) Voltammograms of processed TBFPs in the deficiency and existence of 5 mM H2O2/0.1 M NaOH at of 100 mV s�1, (b) schematic graphics of implicated non-enzymatic H2O2

sensing at MnS@MoS2/TBFP, and voltammograms of MnS@MoS2/TBFP (c) in 5 mM H2O2/0.1 M NaOH as a function of sweep rate (inset pretends a calibration plot of Ipc vs. square
root of the scan rate) and (d) with the accelerated concentration of H2O2 in 0.1 M NaOH at 100 mV s�1.
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electroreduction peak current (Ipc). d-MnO2 nanorods demonstrate
the 2D layered structure with an interlayer separation of ~7 Å [56].
The interlayer gap of d-MnO2 nanorods accelerates an effectual
accommodation of H2O2, which is further promoted with a number
of defects and eOH groups and the adsorbed H2O2 is electro-
reduced at the metallic active centres. Owing to the lower electrical
conductivity (2 x 10�5 S cm�1) of prepared MnO2 nanorods, the
sluggish H2O2 electroreduction kinetics is witnessed at MnO2/TBFP.

The substitution of ‘O’ with ‘S’ in the form of MnS lowers the
activation energy barrier because of the weaker bonding of M � S
compared to that of M � O, accelerating the electron mobility of
MnS microcubes with an improved electrical conductivity of
0.005 S cm�1 [9]. Owing to the lower negativity of ‘S’ compared to
‘O’, the flexible architecture is realized for MnS, prohibiting the
disintegration of chemical structure caused via the elongation be-
tween layers [57]. The as-prepared MnS microcubes demonstrate
the extended porous structures, accelerating the surface accessi-
bility for themass transportation of H2O2. The layered lamellar MnS
microstructures provide significant paths for the diffusion of OH�

ions and H2O2 molecules in the interlayer region along with the
moderate electrochemical stability [58]. It promotes the partici-
pation of a number of MnS active sites in the electrolyte/electrode
interfacial interaction, directing the moderate electroreduction
[59].

The electrocatalytic activity of MnS toward H2O2 reduction is
further accelerated via the core@shell architecture formation of
MnS with MoS2. Amid the processed TBFPs, MnS@MoS2/TBFP
demonstrates the maximum H2O2 electroreduction behavior as
revealed from the maximal Ipc of �0.126 mA at �0.42 V vs. Ag/AgCl.
2DMoS2 demonstrates the typical lamellar structure, comprising of
6

three atomic layers (SeMoeS), in which one atomic layer of Mo is
sandwiched between the two layers of S atoms with the aid of van
der Waals interactions [60]. The spacing between the neighbor-
hood layers of MoS2 is witnessed to be 0.62 nm, which is sub-
stantially larger compared to that of graphene (0.35 nm),
accelerating the accommodation of H2O2 with the maximal analyte
utilization efficiency [61,62]. A number of opened V-type pore
channels of MoS2 nanosheets maximize the diffusion of an analyte-
H2O2 to the MnS-core, facilitating the enlarged and simultaneous
contact of H2O2 with the core and shell architectures. Moreover, the
MoS2-shell restricts the direct contact of MnS-core with an exterior
environment and restricts the loss of active components via the
selective passage of H2O2 and NaOH. On the other side, the exposed
edges of MoS2 sheets serve as that of functionalized graphene
sheets, promoting the electrical conductivity of MnS@MoS2 to 0.01
Scm�1. Thus, the specifically engineered MoS2-shell not only ac-
celerates the electrical conductivity on the surface of active MnS-
core but also stimulates the rapid electron mobility between the
electrochemically active centres of MnS@MoS2 and TBFP. The
elastic buffering space offered by the shell confines the consider-
able expansion and/or contraction of core material under harsh
regimes and preserves the surface area and active sites constant
throughout the electrochemical reaction. Cumulatively, the hier-
archical architecture, core@shell synergism, and preeminent
structural aspects of MnS@MoS2 proffer the maximum H2O2 elec-
troreduction at MnS@MoS2/TBFP.

Initially, the higher oxidation states of metallic active centres
generated under the alkaline medium are electrochemically
reduced into lower oxidation states. Then, the resultant metallic
active centres with lower oxidation states react with the adsorbed
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H2O2 on the electrode surface, yielding the reduction of H2O2 along
with the regeneration of metallic active centres with higher
oxidation states. Cumulatively, the electrochemical process trig-
gered at a reductive potential effectually converts H2O2 into OH�

together with the regeneration of metallic active centres and the
proposed mechanism is schemated in Fig. 5b. The above mecha-
nism has been proposed on the bases of obtained electrochemical
studies and insights acquired from the published literatures [63,64]
and the researchworks are under progress to elucidate the engaged
mechanismwith the conclusive evidences. The optimization of core
and shell mass ratio in MnS@MoS2 architecture was scrutinized
using voltammograms with their different composition ratios and
the relevant result specifies that 2:1 mass ratio of MnS and MoS2 is
favourable for the competent H2O2 reduction (Fig. S3).

The engaged H2O2 electroreduction kinetics at MnS@MoS2/TBFP
was scrutinized as a function of sweep rate ranging from 10 to
100 mV s�1 in 5 mM H2O2/0.1 M NaOH (Fig. 5c). A linear function
observed for the Ipc vs. square root of scan rate implies the diffusion
controlled progression for the H2O2 reduction kinetics at
MnS@MoS2/TBFP (inset of Fig. 5c).

The escalating concentration of H2O2 ranging from 1 to 5 mM at
100 mVs�1 establishes firm acceleration in reduction current for
MnS@MoS2/TBFP, swamping the antifouling consequences
(Fig. 5d).

The realized electrocatalytic studies of MnS@MoS2 toward H2O2

reduction is further extended for non-enzymatic H2O2 sensor ap-
plications via amperometric i-t test against variant H2O2 concen-
trations in 0.1 M NaOH at �0.4 V vs. Ag/AgCl (Fig. 6a). A creeping
Fig. 6. (a) MnS@MoS2/TBFP’s amperometric activeness against the successive H2O2 inclusion
toward 500 nM - 5 mM H2O2), (b) calibration plot of MnS@MoS2/TBFP’s Ipc vs. H2O2 concen
assorted interfering species and H2O2 at a concentration of 1.5 mM in 0.1 M NaOH at �0.4
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concentration of H2O2 in the supporting electrolyte establishes the
stair-case related amperogramwith the consistent enhancement in
amperogram currents for MnS@MoS2 (Fig. 6a and inset of Fig. 6a).
Moreover, the steady state equilibrium for an amperometric H2O2
reduction response is actualized at 5s, exposing the rapid response
activeness of MnS@MoS2. The tuned porous architecture and ‘V’
type channels, respectively, of MnS and MoS2 manifest the
maximum H2O2 adsorption, accelerating the utilization efficacy of
H2O2 at the active centres of a fabricated electrochemical probe
[65]. An intimate contact between the core-MnS and shell-MoS2
and the absence of an insulating binder in TBFP’s modificationwith
MnS@MoS2 confine the internal resistance of a fabricated system
and stipulate pathways for the rapid and continuous electron
transportation. Thus, the maximum analyte utilization efficacy,
homogeneously distributed electrochemically active sites, and
composite synergism of MnS@MoS2 construct the superior non-
enzymatic H2O2 sensor performances including the lower limit of
detection, superior sensitivity, and broad linear range, respectively,
of 120 nM, 650 mA mM�1 cm�2, and 500 nM - 5 mM (Fig. 6b). The
expedience of MnS@MoS2 in H2O2 detection is validated through its
surpassed H2O2 performances over the pertinent non-enzymatic
H2O2 sensors reported till date (Table S1). Usually, the implanta-
tion of configured electrochemical probes into non-enzymatic H2O2

sensor devices is restrained with the ubiquitous impediments of
traditional electrodes, such as arduous pre-treatment and polish-
ing, amendment of electrode surface with catalyst slurry, treatment
with non-conductive binder, limited electron mobility, detachment
of catalysts from electrodes, moderate lifespan, and high
in 0.1 M NaOH at �0.4 V vs. Ag/AgCl (inset pretends the i-t profile of MnS@MoS2/TBFP
tration, and (c) interference test of MnS@MoS2/TBFP with the sequential inclusion of
V vs. Ag/AgCl.



Table 1
Non-enzymatic H2O2 diagnosis in human urine samples at MnS@MoS2/TBFP.

H2O2 added (mM) H2O2 found (mM) RSDb (%) Recovery (%)

10 9.88 2.31 98.8
20 20.44 2.18 102.2
30 30.54 2.25 101.8
40 40.76 2.57 101.9
50 51.24 2.33 102.4
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expenditure. The preceding confinements of traditional electrodes
(Table S1) are competently vanquished with the as-configured
MnS@MoS2 modified TBFP (MnS@MoS2/TBFP). Despite the
MnS@MoS2/TBFP’s modest H2O2 detection performance in contrast
over few endeavors (Table S1), the elementary, low-cost, highly
sensitive and selective, and extremely reproducible attributes of
MnS@MoS2/TBFP manifest its formative employment in H2O2
detection.

The adequacy of developed electrochemical probe in practical
applications is purely dependent upon their anti-interference effect
against the existence of other electrochemically active molecules
along with H2O2 [66]. Accordingly, the selectivity of as-configured
MnS@MoS2/TBFP probe was scrutinized with the amperometric
test against the biologically relevant interference species including
Glu, Suc, Man, Fru, SO3

2�, Naþ, AA, DA, GSH, UA, U, Arg, Ala, AP, CA,
AA, L-Cys, L-Leu, L-Tyr, L-His, and H2O2 with a concentration of
1.5 mM at �0.4 V vs. Ag/AgCl (Fig. 6c). The stable amperometric
current response was evolved against H2O2, while no significant
responses were recorded against other interferences. Furthermore,
the pre-incorporation of other interferring molecules and ions do
not influence the amperometric responses of H2O2, signifying
exquisite anti-interfering capability of MnS@MoS2/TBFP on H2O2
sensing.

The flexibility of as-configured MnS@MoS2/TBFP toward H2O2
detection was scrutinized with the variant bending angles of
0e180� (Fig. 7a) and the surface area of 2� 2 cm2was conserved for
MnS@MoS2/TBFP to analyze the flexibility performances. The
nullified alteration ascertained in the corresponding CVs and their
Ipcs under variant bending angles substantiate the excellent flexi-
bility of fabricated MnS@MoS2/TBFP toward non-enzymatic H2O2
detection (Fig. 7a and b).

The authentication of electrochemical stability of MnS@MoS2/
TBFP was scrutinized using amperometric tests against 5 mMH2O2/
0.1 M NaOH for 60 days. In line with first response, MnS@MoS2/
TBFP conserves 93.3% amperometric performance at 60th day of
amperometric test, screening the superior stability of MnS@MoS2/
TBFP (Fig. S4). Moreover, the i-t behavior of eight constructed
MnS@MoS2/TBFPs on H2O2 detection demonstrate the relative
standard deviation (RSD) of 3.1%, substantiating their superior
reproducibility. The repeatability of selfsame constructed
MnS@MoS2/TBFPs with 9 consecutive tests under analogous con-
ditions express the RSD of 2.7%, exposing the satisfactory repeat-
ability of fabricated sensors.
Fig. 7. (a) Voltammograms of MnS@MoS2/TBFP at assorted bending angles with 5 mM H2

MnS@MoS2/TBFP (inset pretends the photographs of MnS@MoS2/TBFP at assorted bending
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The scale-up probability of processed MnS@MoS2/TBFP in the
evolution of non-enzymatic sensors is articulated from its H2O2
content diagnosis in real samples. The pre-regulated concentration
of H2O2 was mixed with the diluted human urine under alkaline
conditions and the quantification of H2O2 was scrutinized from
their amperometric responses (Table 1). The fabricated probe ex-
plicates the appreciable recovery in the range of 98.8e102.4%
together with the RSD of 2.18e2.57%, fortifying it’s potentiality in
H2O2 detection.
4. Conclusion

The surface engineering modification of MnS microcubes with
MoS2 was accomplished in the form of core@shell architectures via
a simple hydrothermal technique. The resultant MnS@MoS2
structures were effectively loaded on TBFP (MnS@MoS2/TBFP) and
used as an electrochemical probe for non-enzymatic H2O2 detec-
tion. The constricts linked with the current non-enzymatic H2O2
sensor probes including time- and cost-consumed cleaning and
catalyst modification protocols of electrochemical probes and
exploitation of insulating binders were efficaciously engulfed with
the as-configured MnS@MoS2/TBFP. The prevailed open ‘V’ type
channels onMoS2 shell architecture allow the diffusion of H2O2 into
the core-MnS architecture and maximize the analyte utilization
efficacy, accelerating the mass transport of ions/electrons with
lower resistance. The synergism of multiform metal structures,
considerable electrical conductivity, and consistent active sites
positioning of MnS@MoS2 efficaciously electroreduce H2O2,
concreting the sensitive and selective H2O2 detection in real sample
diagnosis. Thus, the as-configured MnS@MoS2/TBFP not only re-
alizes the employment of well tuned core@shell architectures in
electrocatalytic reduction of H2O2 but also opens new epitomes in
the progression of economical and flexible electrochemical probe
O2/0.1 M NaOH at 100 mV s�1, and (b) the related Ipc vs. assorted bending angles of
angles).
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for non-enzymatic H2O2 detection.
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