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Abstract
The authors report on a composite based electrocatalyst for methanol oxidation and H2O2 sensing. The composite consists of Pt
nanoparticles (NPs), Pd nanoflakes, and MoS2. It was synthesized by chemical reduction followed by template-free electro-
deposition of Pt NPs. FESEM images of the Pd nanoflakes on the MoS2 reveal nanorod-like morphology of the Pd NPs on the
MoS2 support, whilst FESEM images of the Pt-Pd/MoS2 composite show Pt NPs in high density and with the average size of
~15 nm, all homogeneously electrodeposited on the Pd-MoS2 composite. A glassy carbon electrode (GCE) was modified with
the composite to obtain an electrode for methanol oxidation and H2O2 detection. The modified GCE exhibits excellent durability
with good catalytic efficiency (the ratio of forward and backward peak current density, If/Ib, is 3.23) for methanol oxidation in
acidic medium. It was also used to sense H2O2 at an applied potential of −0.35 V vs. Ag|AgCl which can be detected with a
3.4 μM lower limit of detection. The sensitivity is 7.64 μA μM−1 cm−2 and the dynamic range extends from 10 to 80 μM. This
enhanced performance can be explained in terms of the presence of higher percentage of metallic 1T phase rather than a
semiconducting 2H phase in MoS2. In addition, this is a result of the high surface area of MoS2 with interwoven nanosheets,
the uniform distribution of the Pt NPs without any agglomeration on MoS2 support, and the synergistic effect of Pt NPs, Pd
nanoflakes and MoS2 nanosheets. In our perception, this binder-free nano-composite has promising applications in next gener-
ation energy conversion and in chemical sensing.
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Introduction

Direct methanol fuel cells (DMFCs) have gained substantial
attention as promising green power sources for electric vehi-
cles and portable electronic devices owing to its simple fabri-
cation procedure, low pollutant emission, high energy conver-
sion efficiency and wide operating temperature (25–120 °C)

[1–3]. Nonetheless, various technical issues such as relatively
low catalytic activity, high cost and stability of electro-
catalysts towards methanol electro-oxidation are still present
for the commercialization of DMFCs [4, 5]. Hence, develop-
ment of the economical electro-catalyst with excellent catalyt-
ic efficiency and stability is a field of research of utmost
importance.

On the other hand, detection of hydrogen peroxide (H2O2) is
of prime significance as it is extensively used as an essential
mediator in environmental, pharmaceutical and food
manufacturing industries [6]. The overproduction of H2O2

causes the progression of several diseases such as diabetes,
Parkinson’s, Alzheimer’s, alcoholic liver disease and cancer.
Electrochemical H2O2 sensors offer several advantages over
other conventional techniques including simplicity, cost-effec-
tive, high sensitivity and faster response. Enzymatic H2O2 sen-
sors use enzymes like horseradish peroxidase etc. which suffers

Rinky Sha and Nandimalla Vishnu contributed equally to this work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00604-018-2927-y) contains supplementary
material, which is available to authorized users.

* Sushmee Badhulika
sbadh@iith.ac.in

1 Department of Electrical Engineering, Indian Institute of Technology,
Hyderabad 502285, India

Microchimica Acta (2018) 185: 399
https://doi.org/10.1007/s00604-018-2927-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-018-2927-y&domain=pdf
http://orcid.org/0000-0003-3237-3031
https://doi.org/10.1007/s00604-018-2927-y
mailto:sbadh@iith.ac.in


from short-term stability and poor tolerance [6, 7]. Therefore,
there is an urgent demand for developing a simple non-
enzymatic H2O2 sensor with excellent sensitivity and
selectivity.

Platinum (Pt) has been widely used as an electro-catalyst in
methanol oxidation and H2O2 detection because of its outstand-
ing conductivity, electro-catalytic activity and decreasing the ox-
idation or reduction over-potential [8–10]. However, numerous
factors including high costs, poor durability and utilization effi-
ciency, limited availability, ease of aggregation impede the wide-
spread commercialization of Pt as an electro-catalyst [10–12]. To
mitigate these issues, one of the most controlling strategies is
engineering bimetallic nanostructures by alloying Pt with other
less expensive metal catalyst. Palladium (Pd) is a potential co-
catalyst for Pt due to its high abundance, low-cost, high stability,
similar electronic structure to Pt and high catalytic activity to-
wards electrochemical reaction [13].

Furthermore, the electro-activity, stabilization and high
utilization of Pt-Pd bimetallic catalyst can be enhanced by
loading catalyst onto a suitable supporting material. Over the
past decade, molybdenum disulfide (MoS2), a two dimen-
sional, transition metal dichalcogenide (TMD), has attracted
wide attention as high performance supporting material in
energy storage, conversion and electrochemical sensing ow-
ing to its low-cost, layer dependent band gap, high chemical
stability, ease of functionalization [14–16]. MoS2, also
known as an inorganic analogue of graphene with an excep-
tional structure, possesses large surface area since it com-
prises of Mo atoms sandwiched between two layers of hex-
agonal close packed sulfur atoms and this three-layer stack-
ing held together by weak van der Waals interactions [17].
Herein, we report the bimetallic Pt-Pd nanostructures sup-
ported on MoS2 as a multi-functional electro-catalyst where-
in, Pd/MoS2 composite was synthesized by chemical reduc-
tion method followed by template free electro-deposition of
Pt nanoparticles (NPs). The Pt-Pd/MoS2 composites were
employed as electro-catalysts for methanol oxidation reac-
tion in acidic medium and also for the detection of
Hydrogen peroxide (H2O2) in 0.1 M phosphate buffer of
pH 7. As per our knowledge, this is the first demonstration
on the synthesis of Pt-Pd/MoS2 composite and its applica-
tion as an efficient, multifunctional electro-catalyst for meth-
anol oxidation and sensing applications.

Experimental

Materials

Sodium molybdate dihydrate (Na2MoO4.2H2O), thiourea
(H2NCSNH2), methanol (CH3OH), chloro-platinic acid hexahy-
drate (H2PtCl6, 6H2O), sodium tetra chloro-palladate
(Na2PdCl4), sodium borohydride (NaBH4), sulfuric acid

(H2SO4), N, N-dimethyl formamide (DMF) [(CH3)2NC(O)H],
hydrogen peroxide (H2O2), disodium phosphate (Na2HPO4),
monosodium phosphate (NaH2PO4), platinum-carbon black
(Pt-C black) were purchased from Sigma Aldrich (www.
sigmaaldrich.com/india.html) and were used as received.
Deionized (DI) water from a Millipore system (18.2 MΩ cm)
was used throughout the experiments.

Electrochemical set-up

All electrochemical measurements were performed on CHI
660E electrochemical workstation at room temperature. A
three electrode cell arrangement in which Pt-Pd/MoS2 com-
posite modified glassy carbon electrode (GCE) (3 mm in di-
ameter) as the working electrode, Ag|AgCl electrode as the
reference electrode and Pt wire as the counter electrode was
employed. For methanol electro-oxidation, 0.5 M H2SO4 was
used as the electrolyte whilst, N2 purged 0.1 M phosphate
buffer, pH 7.0 was used as the electrolyte for H2O2 sensing.

Synthesis of Pd-MoS2 composite

MoS2 was synthesized by hydrothermal route from its precur-
sors, Na2MoO4.2H2O and H2NCSNH2. In brief, 0.3 g of
Na2MoO4.2H2O and 0.605 g of H2NCSNH2 were dissolved in
30 mL DI water followed by ultrasonication for 20 min to make
homogeneous solution. This solution was transferred into a
50 mL Teflon-lined stainless steel autoclave and subsequently,
heated at 200 °C for 24 h. After cooling down to room temper-
ature, the solid residue was centrifuged at 5000 rpm and washed
with DI water and ethanol several times. The MoS2 was then
with dried at 70 °C in a vacuum oven overnight.

Afterwards, 15 mg of the MoS2 was added to 15 mL of DI
water and magnetically stirred for 1 h to form a stable precursor
solution. 3 mg of Na2PdCl4 was dispersed in 1 mL DI water and
then added to that of MoS2 solution under continuous magnetic
stirring. To reduce Na2PdCl4, here, reducing agent, NaBH4 was
mixed with this solution and magnetically stirred for 1 h to finish
the reduction. The resulting solution was centrifuged at
10000 rpm, washed with DI water and ethanol several times
and then dried at 70 °C in a hot air oven for 12 h.

Electrode fabrication

GCE was cleaned, both mechanically (polished with 0.3 and
0.05 μm alumina powder, cleaned with acetone and washed
with DI water) and electrochemically (by performing 10 con-
tinuous cyclic voltammetry (CV) cycles in the potential win-
dow of −0.2 to +1.0 V vs. Ag|AgCl at a scan rate of 50 mV s−1

in pH 7 phosphate buffer), before each experiment and served
as an underlying substrate of the working electrode. Firstly,
5 mg of Pd-MoS2 was dissolved in 1 mL of DMF and mag-
netically stirred at 750 rpm for 2 h to obtain the Pd-MoS2
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stock solution. A 6 μL of this stock solution was drop-casted
on the surface of the cleaned GCE and dried at 70 °C in an
oven for 10 min. The Pd-MoS2 modified GCE was then sub-
jected to electro-deposition using amperometry technique at a
potential of −0.2 V (vs. Ag| AgCl) in 0.5MH2SO4 electrolytic
solution containing 5 mM of H2PtCl6.6H2O. To select the
optimum Pt-Pd/MoS2 composition for electrochemical appli-
cations, varying the electro-deposition times (450, 750 and
1000 s) of Pt on Pd-MoS2 coated GCE were conducted.
After electro-deposition, the Pt-Pd/MoS2 modified electrodes
were washed with DI water and then dried.

For electrochemical detection of H2O2, a stock of 20 mM
H2O2 was prepared by adding 20.42 μL from 9.79 M H2O2

(30 wt.% / wt%) in 10 mL of phosphate buffer. Until further
use, 9.79 M H2O2 and stock solutions are stored in refrigera-
tor. For CV analyses, 500 μL of 20 mM stock was spiked in
9.5 mL of pH 7 buffer. Scan rate used during CV analyses is
50 mV s−1. Likewise, the other control electrodes were tested
for the electrocatalytic activity towards H2O2 detection. Under
hydrodynamic conditions (RPM= 210), amperometric i-t ex-
periments were performed by applying potential (Eapp) =
−0.35 V vs Ag|AgCl and spiking 5 μL of 20 mM H2O2 stock
into 10 mL of phosphate buffer (i.e., 10 μM). Similar exper-
iment was repeated for three electrodes (N = 3) and interfer-
ence studies were performed at above mentioned amperomet-
ric conditions by a fresh Pt-Pd/MoS2 electrode. For interfer-
ence studies, 5 μL of 20 mMH2O2 stock was spiked in 10 mL
of buffer and in the same pH 7 buffer 5 μL of 20 mM of
glucose, 5 μL of 20 mM citric acid (CA), 5 μL of 20 mM
ascorbic acid (AA) and 5 μL of 20 mM uric acid (UA) were
successively spiked with at specific time intervals.

Characterization of materials

Morphology of the sample was characterized by field emis-
sion scanning electron microscope (FESEM) operated at an
accelerating voltage of 5 kV. The composition of the material
was determined by energy dispersive X-ray spectroscopy
(EDX) a t t ached on FE-SEM ins t rument . X- ray
Photoelectron Spectroscopy (XPS) results were obtained
using ULVAC-PHI, model no. PHI5000VersaProbeII whereas
Raman spectra were recorded in the spectral range 100–
600 cm−1 using 532 nm excitation source on Senterra,
Bruker spectrometer.

Results and discussions

Characterization of Pt-Pd/MoS2 composite

To investigate the surface morphology of the samples,
FESEM analysis was performed. Fig. 1a depicts the FESEM
image of MoS2 which reveals micro-flower structure of MoS2

containing large numbers of interwoven nanosheets. These
interwoven nanosheets improve the surface area of MoS2,
consequently, offering shorter diffusion lengths for electrolyt-
ic ions and more numbers of active sites for electrochemical
applications.

Fig. 1b illustrates the FESEM image of Pd-MoS2 which
reveals nanorods like morphology of Pd with high aspect ratio
on the MoS2 support. The density of Pd nanorods is not high
since very low wt% of Pd precursor was used during the
synthesis of Pd-MoS2. Inset of Fig. 1b exhibits Pd nanorods
with sharp and pointed edges which are not only grown on the
surface of MoS2 but also bridge the MoS2 micro-flowers, thus
demonstrating strong interactions between the MoS2 support
and Pd nanorods.

In the current work, the electro-deposition time (450,
750, 1000 s) of Pt on Pd-MoS2 composite modified
electrode was performed and systematically optimized.
Fig. S1 (a) in Electronic Supplementary Material
(ESM) exhibits FESEM image of Pt(450 s)-Pd/MoS2
composite wherein Pt nanoparticles are discretely depos-
ited on the surface of Pd-MoS2 composite and incorpo-
ration of Pt by the electrochemical reduction of PtCl6

2−

transforms Pd nanorods to nanoflakes like structure in
nature. Fig. 1c presents FESEM image of Pt(750 s)-Pd/
MoS2 composite where high density Pt nanoparticles
(NPs) with the average size of ~15 nm are homoge-
neously electro-deposited on Pd-MoS2 composite. Fig.
1c further confirms the presence of Pd nanoflakes in
Pt(750 s)-Pd/MoS2 composite. This transformation of
Pd nanorods to nanoflakes plays a vital role here, as it
provides high surface area and large numbers of active
sites for methanol electro-oxidation and sensing applica-
tions. Fig. S1(b) in ESM displays the morphology of
Pt(1000s)-Pd/MoS2 composite. With the increase in the
electro-deposition time, Pt NPs become densely and ag-
glomerate on the surface of Pd-MoS2 composite which
decreases the active sites of the electrodes.

Figure 2a presents the Raman spectrum of MoS2. Two
distinctive peaks at 381 and 408.6 cm−1 arise from typical
E1

2g and A1g vibrational modes of MoS2 respectively. The
E1

2g phonon mode is due to the in-plane Mo-S vibration
whereas the A1g mode corresponds to the out-of-plane
Mo-S vibration. The peak spacing between E1

2g and A1g

modes is directly related to the numbers of layers present
in MoS2. Here, the peak difference is 27.6 cm−1 indicating
few layered nature (more than 4 layers) of MoS2. In The
broader and lower intensity of the E1

2g peak confirms that
large numbers of defects and edges are present in the
MoS2 structure [18].

Moreover, to explore the oxidation states and chemi-
cal compositions of the Pt(750 s)-Pd/MoS2 composite,
XPS analysis was performed. Fig. 2b exhibits full sur-
vey XPS spectrum of the Pt(750 s)-Pd/MoS2 composite
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which confirms the presence of Pt, Pd and MoS2 in the
composite. Fig. 2c shows the Mo3d XPS spectrum of
MoS2 where the doublet peaks located around
228.49 eV and 231.68 eV are attributed to the 3d5/2
and 3d3/2 electronic states of Mo in Mo-S bond respec-
tively. These two binding energies of Mo3d orbital also
confirm +4 oxidation state of Mo. The Mo3d spectrum
was further deconvoluted into four peaks. Two peaks at
binding energy = 228.46 eV and 231.66 eV correspond
to the presence of metallic 1 T phase of MoS2 whereas
other two peaks at binding energy = 229.6 eV and
233.14 eV are attributed to semiconducting 2H phase
of MoS2. Mo3d spectra revealed higher proportion of
the metallic 1 T phase than the semiconducting 2H
phase. Fig. 2d depicts the S2p XPS spectrum of MoS2
wherein the peaks appeared around 162.5 eV and
163.9 eV are assigned to the S2p3/2 and S2p1/2 electron-
ic states of the divalent sulfide ions respectively [19].
The Pt 4f spectrum of the Pt (750 s)-Pd/MoS2 compos-
ite are presented in Fig. 2e which was deconvoluted
into doublet peaks at binding energy = 72 eV and
75.5 eV corresponding to metallic Pt 4f7/2 and Pt 4f5/2
respectively. Doublet peaks observed at binding ener-
gy = 335.46 eV and 340.34 eV (inset Fig. 2e) are as-
cribed to Pd 3d5/2 and Pd 3d 3/2 orbitals respectively
[20]. Detailed XPS spectra of Pt(450 s)-Pd/MoS2 and

Pt(1000s)-Pd/MoS2 composites can be found in ESM
(Fig. S2 and S3). Fig. 2f displays the EDX spectrum
of Pt(750 s)-Pd/MoS2 composite which further confirms
successful formation of Pt, Pd and MoS2 in the
composite.

Electro-oxidation of methanol

The amount of Pt, electro-deposited for 450, 750 and
1000 s using amperometry technique on the Pd-MoS2
composite modified GCE was estimated from the charge
consumed during the electro-deposition of Pt using
Faraday’s law [21]. Based on charge consumed, the
mass of Pt (mPt) for 450, 750 and 1000 s on the Pd-
MoS2 composite were found to be 12.061 μg,
19.2592 μg and 26.2502 μg respectively. With the in-
creasing the electro-deposition time, loading of Pt on
Pd-MoS2 composite modified electrode also increases.

To assess the electro-catalytic performances of the Pt-
Pd/MoS2 composites towards methanol electro-oxida-
tion, CV experiments were carried out in 0.5 M
H2SO4 electrolytic solution containing 1 M methanol
in the potential range of 0 to 1.1 V (vs. Ag| AgCl) at
room temperature as shown in Fig. 3. Electro-oxidation
of methanol yields two distinct oxidation peaks, the for-
ward peak appeared between 0.5 and 0.9 V during the

Fig. 1 FESEM images of (a) pure
MoS2; (b) Pd-MoS2 composite at
lower magnification and inset of
(b): high magnification image of
Pd-MoS2 composite and (c)
FESEM images of Pt(750 s)-Pd/
MoS2 composite
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forward scan while the other peak is located between
0.2 and 0.6 V in the reverse scan. The forward peak
current density (If) corresponds to the oxidation of
methanol, forming Pt-adsorbed carbonaceous intermedi-
ates such as CO which blocks the active sites of Pt,

thereby preventing further oxidation of methanol as de-
scribed in Eq. (1–2). Furthermore, here, Pd is used as it
primarily performs the water dehydrogenation to form
Pd-OH as presented in Eq. (3).

Fig. 2 aRaman spectrum ofMoS2; bXPS survey spectrum of Pt(750 s)-Pd/MoS2 composite; c-dMo3d and S2p XPS spectra ofMoS2; eXPS spectra of
Pt and Pd (inset) and (f) EDX spectrum of Pt(750 s)-Pd/MoS2 composite
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Reactions at forward peak:

Ptþ CH3OH → Pt‐ CH3OHð Þads ð1Þ
Pt‐ CH3OHð Þads → Pt‐ COð Þads þ 4 Hþ þ 4 e‐ ð2Þ
MoS2–Pdþ H2O → MoS2–Pd OHð Þads þ Hþ þ e‐ ð3Þ

The backward peak current density (Ib) is mainly ascribed
to the oxidation of adsorbed carbonaceous species which are
not fully oxidized during forward scan via the following bi-

functional mechanism as illustrated in Eq. (4).

Reactions at backward peak:

Pt‐ COð Þads þMoS2–Pd OHð Þads → PtþMoS2–Pd

þ CO2 þ Hþ þ e‐

ð4Þ

For evaluating electro-catalytic efficiency as well as cata-
lyst’s tolerance ability to intermediate carbonaceous species,
If, Ib and the ratio of If/Ib are considered as important

Fig. 3 CVs of (a) Pt(450 s)-Pd/ MoS2, (b) Pt(750 s)-Pd/ MoS2, (c)
Pt(1000s)-Pd/ MoS2 composites and (d) Comparison of Pt(750 s)-Pd/
MoS2 and Pt(750 s)/ MoS2 based electrodes with Pt-C black modified

electrode in 0.5 M H2SO4 electrolytic solution containing 1 M methanol
in the potential range of 0 to 1.1 V (vs. Ag| AgCl) at room temperature;
scan rate: 50 mV s−1

Table 1 Comparison in the
performance of Pt(750 s)-Pd/
MoS2 composite based electrode
towards MORwith other reported
work

Electrode materials CH2SO4/CCH3OH (M) Scan rate (mV s−1) If/Ib

1. PtPd/Cu2O/rGO 0.5/0.5 50 1.47 [23]

2. Pt–MoS2 0.5/1 50 1.44 [24]

3. PtPdCu nanodendrites 0.5/1 50 1.02 [13]

4. PtPd nanotubes 0.5/0.2 50 1.6 [25]

5. PtPd/graphene 0.5/1 50 1.709 [26]

6. PtPdPt/graphene 0.5/1 100 1.602 [27]

7. Pt(750 s)-Pd/ MoS2 0.5/1 50 3.23 (This work)

CH2SO4 Concentration of sulfuric acid, CCH3OH Concentration of methanol, If/Ib The ratio of forward and back-
ward peak current density
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indicators [22]. Preferably, an electrode with higher peak cur-
rent density with larger If/Ib value is required for DMFC ap-
plication. From Fig. 3a-c, it is clearly observed that the value
of If increases with the increasing Pt loading on Pd-MoS2
composite based electrode. Interestingly, among three com-
posite nano-catalysts, Pt(750 s)-Pd/MoS2 exhibited the
highest value of If/Ib (3.23) which is 1.1 and 1.62 folds higher
than the Pt(450 s)-Pd/MoS2 and Pt(1000s)-Pd/MoS2 compos-
ites respectively and also ~1.9 folds greater than other previ-
ously reported bimetallic PtPd or its composite based electro-
catalysts as illustrated in Table 1 [23–27] . With the higher Pt
loading, the value of If/Ib started decreasing demonstrating
that higher Pt loading on the Pd/MoS2 surface results in the
reduction of vacant space needed for the CO liberation. The
reduction of vacant space is owing to the agglomeration of
high density electro-deposited Pt throughout the Pd-MoS2
composite surface which is also evident from FESEM image
of Pt(1000s)-Pd/MoS2 (Fig. S1(b)).

Values of If and If/Ib of Pt(750 s)-Pd/MoS2 composite (Fig.
3d) are 1.42 and 1.4 folds greater than only Pt(750 s)-MoS2
composite respectively as in the absence of Pd, the water
dehydrogenation on Pt(750 s)-MoS2 does not occur efficient-
ly, thus making overall methanol electro-oxidation method
sluggish. Moreover, the catalytic performances of composite
based electrodes are compared with commercially available
Pt-C black. Pt-Pd/ MoS2 and Pt- MoS2 composites exhibited
significant higher oxidation current responses than Pt-C black
modified electrode as illustrated in Fig. 3d.

To further study the long-term stabilities of Pt-Pd/MoS2
composites and only Pt(750 s)/MoS2 composite,
chronoamperometric responses of Pt (450, 750, 1000 s)-Pd/
MoS2 and Pt(750 s)/ MoS2 composites based electrodes were
recorded at an applied potential of 0.65 V in 0.5 M H2SO4

electrolytic solution containing 1 M methanol for 3000 s as
depicted in Fig. 4. Initially, the current density decreases rap-
idly which is ascribed to the formation of carbonaceous inter-
mediate species, such as COads and CHOads etc. during meth-
anol electro-oxidation. The current density reaches at a quasi-
equilibrium steady state and at 3000 s, the Pt(750 s)-Pd/ MoS2
electrode exhibits the highest steady state current density,
1.03 mA/cm2 which is 3.7 and 9.6 folds higher than
Pt(450 s)-Pd/ MoS2 and Pt(1000 s)-Pd/ MoS2 based electrode.
The current density of Pt(1000 s)-Pd/ MoS2 and only
Pt(750 s)/MoS2 based electrode is almost same at 3000 s.
Thus, among three electro-catalysts, the Pt(750 s)-Pd/ MoS2
shows excellent performance in terms of stability and electro-
catalytic activity. The durability of all the composite based
electrodes is also compared with Pt-C black. All composites
showed higher current densities at 3000 s than that of Pt-C
black modified electrode.

Electrochemical sensing of H2O2

Prior to the H2O2 sensing, electrochemical impedance spec-
troscopic (EIS) and electrochemical surface area measure-
ments were also carried out [28] (Fig. S4 (a & b) in ESM)
and it was observed that Pt(750 s)-Pd/MoS2 modified GCE is
more suitable for electrochemical sensing applications. To
probe the electrochemical behavior of the Pt(750 s)-Pd/
MoS2 modified GCE, CV experiments were performed in
the potential range of −0.4 to +0.4 V vs. Ag|AgCl in 0.1 M
phosphate buffer (pH 7) in absence and presence of 1 mM
H2O2. As illustrated in Fig. 5a, in presence of 1 mM of
H2O2, an increase in the reduction current with the decrease
in the oxidation current was observed which corresponds to
the electro-catalytic reduction of H2O2 at the surface of
Pt(750 s)-Pd/MoS2 modified electrode.

Furthermore, to compare the electro-catalytic properties of
the electrodes, GCE was modified with only MoS2, Pd/MoS2,
Pt(750 s)/MoS2 and Pt(750 s)-Pd/MoS2 composite respective-
ly. Fig. 5b depicts the electro-catalytic current responses of
1 mM H2O2 at the surface of bare GCE, MoS2/GCE, Pd-
MoS2/GCE, Pt(750 s)-MoS2/GCE and Pt(750 s)-Pd/MoS2
modified GCE in 0.1 M phosphate buffer. The electro-
catalytic current of Pt(750 s)-Pd/MoS2 based electrode in
1 mM H2O2 is about 2, 4.4 and 11 folds greater than that of
Pt(750 s)-MoS2, Pd-MoS2 and pristine MoS2 based electrode
respectively. This significant enhancement in the electro-
catalytic current of the Pt(750 s)-Pd/MoS2 composite modi-
fied electrode in H2O2 is attributed to the synergistic effects of
MoS2 and bimetallic nanostructures.

Amperometric measurements of different electrodes (N =
3) towards the sequential additions of H2O2 were carried out
in the dynamic range of 10–80 μM at −0.35 V vs. Ag|AgCl in
0.1 M phosphate buffer under hydrodynamic condition. Bare
GCE showed no obvious amperometric response towards

Fig. 4 Chronoamperometric responses of Pt(450, 750, 1000 s)-Pd/MoS2,
Pt(750 s)/ MoS2 composites and commercially available Pt-C black mod-
ified electrodes at an applied potential of +0.65 V in 0.5 M H2SO4 elec-
trolytic solution containing 1 M methanol for 3000 s
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H2O2. Successive spike of 10 μM (Fig. 5c) of H2O2 results in
a systematic decrease in the value of current up to 80 μM.
From Fig. 5c, it is further confirmed that Pt(750 s)-Pd/MoS2
modified GCE exhibited an enhanced amperometric response
as compared to other pure MoS2/GCE and Pt(750 s)-MoS2/
GCE towards H2O2 detection. The decrease in the value of
current towards the sequential additions of H2O2 can be ex-
plicated by the following reason: H2O2 molecules in the 0.1M
phosphate buffer were reduced to H2O at the electrode surface
thus, decreasing the current of the Pt(750 s)-Pd/MoS2 elec-
trode as presented in Scheme 1.

The difference (Ibuffer – Ibuffer + H2O2) for each addition is
plotted and presented in Fig. 5d. The value of correlation coef-
ficient obtained from this calibration plot was 0.992, indicating
excellent linearity of the H2O2 sensor. The sensitivity of the
Pt(750 s)-Pd/MoS2 based sensor was assessed using the follow-
ing formula, Sensitivity = m/A, where m = the slope of

calibration plot and A = surface area. The sensitivity of this
sensor was found out to be 7.64 μA μM−1 cm−2. The limit of
detection (LOD) was calculated using the formula, LOD = 3S /
m where, S is the standard deviation. The measured LOD was
3.4 μM which is comparatively higher than the previously
reported literature [29–33]. The sensitivity of Pt(750 s)-Pd/
MoS2 modified electrode achieved was higher than other pre-
viously reported H2O2 sensor as shown in Table 2.

In non-enzymatic detection approach, circumventing en-
dogenous interfering species still remains a major challenge.
Hence, to investigate the selectivity of the Pt(750 s)-Pd/MoS2
sensor, effect of other electro-active interfering species present
in the physiological samples like glucose, citric acid, ascorbic
acid, and uric acid was tested. Amperometric response of the
Pt(750 s)-Pd/MoS2 modified electrode was recorded at the
reduction potential of −0.35 V vs. Ag|AgCl as shown in
Fig. 6. First, 10 μM of H2O2 was spiked in 0.1 M phosphate

Fig. 5 a CVs of the Pt(750 s)-Pd/MoS2 based sensor in a 0.1 M
phosphate buffer in the absence and presence of 1 mM H2O2; b
Electro-catalytic current responses of 1 mM H2O2 at the surface of bare
GCE, MoS2/GCE, Pd-MoS2/GCE, Pt(750 s)-MoS2/GCE and Pt(750 s)-
Pd/MoS2 modified GCE in 0.1 M phosphate buffer; c Amperometric
responses of the bare GCE, MoS2/GCE, Pt(750 s)-MoS2/GCE and

Pt(750 s)-Pd/MoS2 modified GCE towards successive addition of H2O2

in the dynamic range of 10–80 μM at −0.35 V vs. Ag|AgCl in 0.1 M
phosphate buffer and (d) Calibration curve of Pt(750 s)-Pd/MoS2 modi-
fied GCE for different H2O2 concentrations (10–80 μM) for N = 3
electrodes
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buffer. Afterwards equimolar concentration of glucose, citric
acid, ascorbic acid, and uric acid was sequentially added to the
electrolytic solution respectively. Nonetheless, no significant
changes in the current response upon addition of interfering
species were observed suggesting that the sensor has excellent
selectivity towards H2O2 detection.

The excellent performances of Pt(750 s)-Pd/MoS2 compos-
ite towards methanol electro-oxidation and H2O2 reduction
can be explicated by following plausible reasons: (i) the pres-
ence of higher percentage of metallic 1 T phase than semicon-
ducting 2H phase in MoS2 (XPS spectrum of Pt (750 s)-Pd/
MoS2) provides higher conductivity, thus helping in achieving
outstanding catalytic activities towards the methanol oxida-
tion and H2O2 reduction; (ii) micro-flower structure of
MoS2, comprising of large numbers of interwoven nanosheets
in the composite significantly enhances the surface area of the
composite, (iii) the presence of large numbers of defects and
edges in the MoS2 structure which maps well with Raman
spectrum can also act as active sites to promote direct electron
transfer during the electrochemical reactions, (iv)

homogeneous distribution of Pt NPs without any agglomera-
tion on MoS2 support in Pt(750 s)-Pd/MoS2 composite facil-
itates facile penetration of the electrolytic ions inside the elec-
trode and consequently, the electrochemical reaction between
the electrolytic ions and the composite modified electrode
occurs easily and (v) finally, the synergistic effect of Pt NPs,
Pd nanoflakes and MoS2 nanosheets lead to the higher con-
ductivity and catalytic efficiency than Pt-MoS2 composite.

There have been few reports on MoS2 composite based
catalysts for methanol electro-oxidation or H2O2 sensors.
Zhai et al. [14] reported MoS2-reduced graphene oxide com-
posite as a support for Pt towards methanol electro-oxidation
while Xue et al. [34] demonstrated MoS2 NPs decorated
graphene for detection of H2O2. Their approaches involve
either high Pt loading or complex electrode fabrication tech-
niques complex and multiple steps based synthesis techniques
such as intercalation of insulating binder, nafion during elec-
trode fabrication along with the electro-active material. But
use of such binder reduces the conductivity of the electrode,
thereby, reducing the catalytic efficiency and sensitivity

Table 2 Comparison in the
performance of Pt(750 s)-Pd/
MoS2 composite based electrode
towards H2O2 detection with
other bimetallic and its composite
based reported work

Electrode materials pH Eapp (V vs. Ag/AgCl) Sensitivity (A M−1 cm−2) LOD (μM)

1. Pt-Pd/carbon 7.4 +0.30 0.24 114 [29]

2. Pt-Pd/PDDA-rGO 7.0 0.0 0.67 0.03 [30]

3. Pt-Au/graphene-CNT 7.0 −0.55 0.31 0.6 [31]

4. Pt-W/MoS2 7.4 −0.25 1.71 0.005 [32]

5. Pt-Ir/MWCNT 7.4 +0.25 0.05 2.5 [33]

6. Pt-Pd/MWCNT 7.4 +0.25 0.41 1.2 [33]

7. Pt(750 s)-Pd/MoS2 7.0 −0.35 7.64 3.4 (This Work)

PDDA poly (diallyldimethylammonium chloride), rGO reduced graphene oxide, Au gold, CNT carbon nanotube,
W tungsten, Ir iridium, MWCNT multiwalled CNT

Scheme 1 Schematic demonstrating reaction mechanism of (a) methanol
electro-oxidation and (b) H2O2 sensing at the Pt (750 s)-Pd/MoS2 com-
posite based electrode

Fig. 6 Amperometric response of Pt(750 s)-Pd/MoS2 based sensor to
successive addition of 10 μM of H2O2 in presence of equimolar
concentrations of glucose, citric acid, ascorbic acid, uric acid and at a
potential of −0.35 V vs. Ag|AgCl in 0.1 M phosphate buffer
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towards methanol oxidation and H2O2 detection. In addition,
this electro-catalyst offers several advantages in terms of its
high catalytic efficiency, durability, excellent sensitivity with
selectivity. This Pt-Pd/MoS2 based binder-free catalyst can be
used for wide electro-chemical applications.

Conclusions

In summary, a novel, efficient Pt-Pd/MoS2 based electro-
catalyst was developed for methanol electro-oxidation and
sensing applications wherein Pd-MoS2 composite prepared
by chemical-reduction method followed by electro-deposition
of Pt NPs. To select the optimum Pt-Pd/MoS2 composition for
electrochemical applications, an optimization study was per-
formed by varying the electro-deposition time of Pt on Pd-
MoS2 coated GCE. FESEM image of Pd-MoS2 composite re-
veals nanorods like morphology of Pd on the MoS2 support
whilst FESEM image of Pt(750 s)-Pd/MoS2 composite exhibits
high density Pt nanoparticles (NPs) with the average size of
~15 nm, uniformly electro-deposited on Pd-MoS2 composite.
Among three electro-catalysts, the Pt(750 s)-Pd/MoS2 shows
excellent performance in terms of long-term stability and
electro-catalytic activity. The Pt(750 s)-Pd/MoS2 electrode ex-
hibited the highest value of If/Ib (3.23) which is also ~1.9 folds
greater than other previously reported bimetallic PtPd or its
composite based electro-catalysts. Furthermore, the Pt(750 s)-
Pd/MoS2 based electrode exhibited comparatively higher LOD
of 3.4 μM than the previous reports with an excellent sensitiv-
ity of 7.64 μA μM−1 cm−2 towards H2O2 detection. This en-
hanced electrochemical performances were explained in terms
of the presence of higher percentage of metallic 1 T phase than
semiconducting 2H phase in MoS2, high surface area because
of flower-like structure of MoS2 with interwoven nanosheets,
homogeneous distribution of Pt NPs (~15 nm) without any
agglomeration on MoS2 support and the synergistic effect of
Pt NPs, Pd nanoflakes and MoS2 nanosheets. Thus, this multi-
functional Pt-Pd/MoS2 composite can be used as a potential
electrode material in the field of energy storage applications
and the real-time detection of H2O2 from cells.
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