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In this paper, a two-dimensional (2D) hybrid material of molybdenum disulfide (MoS2)/reduced graphene
oxide (RGO) is facilely synthesized and used as an ideal support for the deposition of Pt nanoparticles. The
as-prepared Pt/MoS2/RGO composites are further worked as electrocatalysts towards ethylene glycol oxi-
dation reaction (EGOR). In addition, when alloying with Ni, the composite shows obvious enhancement in
electrocatalytic performance for EGOR. Specifically, the optimized molar ratio of Pt to Ni is 3:1, namely
Pt3Ni/MoS2/RGO performs the strongest current density of 2062 mA mg�1

Pt , which is 11.1, 5.80 and 2.40
times higher than those of Pt, Pt3Ni and Pt/MoS2/RGO electrodes, respectively. The systematically electro-
chemical measurements indicate that the largely promoted electrocatalytic performances of Pt3Ni/MoS2/
RGO are mainly attributed to the synergistic effect of Ni and Pt, and 2D sheets of MoS2/RGO. This excellent
performance indicates that the reported electrocatalytic material could be an efficient catalyst for the appli-
cation in direct ethylene glycol fuel cell and beyond.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

The reserves of fossil fuel are quickly depleted and world may
have an energy crisis in the end [1]. It has been known that heavily
relying on fossil fuel is harmful to environmental. It is urgent to
search a new way to solve the current energy crisis, such as finding
a feasible alternative fuel sources and exploring new energy
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conversion devices [1–3]. So far many new forms of clean energy,
such as solar energy, water splitting, air batteries, and so on
[4–7] has been extensively studied. Fuel cell, with the features of
beneficial energy efficiency, high specific energy/power densities
and low even zero emissions, has been generally regarded as an
useful electrochemical technology for energy storage and conver-
sion [3,8–10].

In liquid fuel cell application, ethylene glycol (EG) is safer than
the other alcohols due to the fact that EG has lower toxicity, higher
ignition point (418 �C) and boiling point (198 �C) [10–12].
Moreover, EG is not categorized as flammable, which makes it air
shippable [13]. Meanwhile, the complete oxidation of EG delivers
10e� compared with 6e� by methanol [14]. The theoretical power
capacity of EG is provided about 4.8 AhmL�1, which is much higher
than methanol (4 Ah mL�1) [15]. In addition to its high capacity, EG
has a superiority of high volumetric energy density. Furthermore,
EG could be produced from catalytic conversion of fibrin with high
output, and fibrin is the most abundant biomass-related resource
in nature, which means EG can be considered as a renewable fuel
[16–18]. Therefore, direct ethylene glycol fuel cells (DEGFCs) have
a greater advantage in practical application [10–18].

Two-dimensional (2D) materials have attracted a huge interest
in recent years. Graphene, as the most typical 2D material, owing
to its super-high specific surface area, outstanding electrical con-
ductivity and remarkable chemical stability [19–21], has been cer-
tified as a hopeful Pt-based electrocatalyst support. With similar
structures as graphene, 2D nanomaterial of molybdenum disulfide
(MoS2) has drawn attentions to scientists as well [22–24]. For
example, Du and Zhu’s group [24] reported a facile method to syn-
thesize composites of molybdenum disulfide/reduced graphene
oxide (MoS2/RGO), which Pt nanoparticles can be dispersed well
on their surfaces. Finally, Pt/MoS2/RGO composites displayed the
5.65 times higher eletrocatalytic methanol oxidation activity com-
pared with commercial Pt/C species. However, to construct more
methods to face the high demand for energy is still needed.

Over the past two decades, different kinds of Pt-based alloy cat-
alysts have been tested [25–27]. Pt-based alloy system has shown
higher electrocatalyst activity and better stability than single com-
ponent alone. Therefore, some inexpensive metals like Ni, Co, Cu,
etc. were introduced into Pt catalysts to promote ethylene glycol
oxidation reaction (EGOR) through synergistic and electronic
effects [28–32]. The modified Pt catalysts can decrease the usage
of Pt, therefore, lower the catalyst cost for DEGFCs. By the way,
electronic structure of Pt atom on the bi-metallic alloys can be
adjusted by these promoters [28–32].

Herein, we reported the synthesis of Pt-based composite EGOR
catalyst by using MoS2/RGO as electrocatalyst support materials.
Simultaneously, Ni was added into the Pt system, resulting in
PtxNi/MoS2/RGO nanocomposites and finally used in EGOR.
Different Ni doping level was investigated, and the optimum elec-
trode of Pt3Ni/MoS2/RGO showed 5.80 and 2.40 times higher than
those of Pt3Ni and Pt/MoS2/RGO electrodes, respectively. At the
same time, the long-term stability of PtxNi/MoS2/RGO electrode
also showed steadier than the other electrodes. The alloying with
Ni results in the low Pt usage, as well as the high catalytic
performance and stability. The present result suggests that
PtxNi/MoS2/RGO could be used as a prospective electrocatalyst
for the application in fuel cells.
2. Experimental section

2.1. Materials and characterization

Heptamolybdate tetrahydrate ((NH4)6Mo7O24�4H2O), thiourea
(CH4N2S), chloroplatinic acid (H2PtCl6�6H2O), nickelnitrate (Ni
(NO3)2�6H2O), ethylene glycol ((CH2OH)2, EG), ethanol (CH3CH2OH)
and potassium hydroxide (KOH) are obtained from Sinopharm
Chemical Reagent Co., Ltd. without further purification before
use. All of the chemical reagents are of analytical grade. Graphene
oxide solution (GO, XF002-1) is received from Nanjing XFNANO
Materials Tech Co., Ltd. Deionized water (DI) is used during the
electrochemical experiment.

2.2. Synthesis of MoS2/RGO nanosheets

The MoS2/RGO nanosheets were synthesized by a simple
hydrothermal method. Generally, 0.177 g (NH4)6Mo7O24�4H2O
(1 mmol) and 0.38 g CH4N2S (5 mmol) and 5 mL GO solution
(0.008 g) were dispersed in 15 mL water under ultrasonication
for 1 h. Then the homogeneous solution was transferred into a
25 mL Teflon autoclave and held at 210 �C for 24 h. After the mix-
ture was cooled to room temperature naturally, the precipitates
were collected by centrifugation and washed with water and etha-
nol three times, respectively, subsequently dried in a vacuum oven
at 60 �C overnight, resulting in the black powder.

2.3. Synthesis of PtxNi/MoS2/RGO and Pt/MoS2/RGO nanocomposites

The PtNi/MoS2/RGO nanocomposites were synthesized by a
solvothermal method. Generally, 30 mg as-synthesized MoS2/
RGO nanosheets, 8.6 mg Ni(NO3)2�6H2O and 0.78 mL H2PtCl6
(0.038 M) solution were added into 15 mL DMF under ultrasonica-
tion for 0.5 h. Then the homogeneous solution was transferred into
a 25 mL Teflon autoclave and held at 160 �C for 6 h. After that, the
precipitates were collected by high-speed centrifugation and
washed with water and ethanol three times, respectively, and then
dried in a vacuum oven at 40 �C for 12 h, resulting in PtNi loading
on MoS2/RGO nanosheets. The catalysts prepared are denoted as
Pt2Ni/MoS2/RGO, Pt3Ni/MoS2/RGO and Pt4Ni/MoS2/RGO based on
the mole ratio of Pt to Ni. All the catalysts contained a total metal
loading of 20 wt%. For comparison, Pt/MoS2/RGO nanocomposites
were prepared without Ni precursor, and the Pt3Ni samples were
prepared in the absence of MoS2/RGO nanosheets.

2.4. Preparation of working electrode

The working electrode was prepared through depositing as-
prepared samples on the surface of pre-polished glassy carbon
electrode (GCE, 3 mm in diameter) Typically, 2 mg as-prepared
Pt3Ni/MoS2/RGO powder was dispersed in 1 mL water/ethanol
mixtures and 20 lL Nafion (Dupond, USA) under ultrasonication
condition, then 5 lL of the homogeneous suspension was depos-
ited on a pre-polished GCE surface and dried at room temperature,
resulting in Pt3Ni/MoS2/RGO modified GCE electrode.

2.5. Electrochemical measurements

The electrochemical characterization was carried in a CHI 660E
electrochemical workstation (Shanghai Chenhua Instrumental Co.,
Ltd.). A conventional three electrodes system was used with sam-
ple modified GCE, Pt wire and silver-silver chloride electrode
(Ag/AgCl) as the working, counter and reference electrode, respec-
tively. All potentials were referred in this paper with respect to Ag/
AgCl electrode. The all electrochemical measurements were per-
formed in 1.0 M EG + 1.0 M KOH solution at room temperature.
Cyclic voltammetries (CVs) were conducted at the potential range
from �0.7 V to 0.4 V (vs. Ag/AgCl) with the scan rate at 50 mV s�1.
The chronoamperometry (CA) and chronopotentiometry (CP) tests
were carried out at �0.2 V for 1500 s and 100 lA, respectively.
Electrochemical impedance spectroscopy (EIS) measurements
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were implemented under an AC perturbation signal of 5.0 mV over
the frequency range from 1 Hz to 100 kHz at �0.25 V.

2.6. Characterizations

The morphologies of the samples were characterized by scan-
ning electron microscope (SEM, Nava NanoSEM 450) and transmis-
sion electron microscopy (TEM, JEM-2100F). The energy dispersive
X-ray (EDX) equipped to Nava NanoSEM 450. X-ray diffraction
(XRD) patterns of the samples were obtained from PANalytical X’
Pert PRO MRD system. X-ray photoelectron spectroscopy (XPS)
was recorded by an ESCALab220i-XL electron spectrometer. Ther-
mogravimetric analyse (TGA) was measured by TG/DTA 7300.

3. Results and discussion

The MoS2/RGO nanocomposites were easily obtained by a sim-
ple hydrothermal method. During the process, CH4N2S was used as
S resource and reductant. The GO was reduced to RGO as well as
(NH4)6Mo7O24 was converted to well-crystallized MoS2 on RGO
nanosheets after reaction. PtxNi/MoS2/RGO composites were
obtained by solvothermal method. The morphologies of MoS2/
RGO and Pt3Ni/MoS2/RGO nanocomposites were characterized by
SEM measurement firstly. The 2D typical flower-like structures
assembled by nanosheets were observed in MoS2/RGO and Pt3Ni/
MoS2/RGO nanocomposites, as shown in Fig. 1A and B. Fig. 1B
shows that Pt3Ni nanoparticles were dispersed on the surface of
MoS2/RGO well. The TEM image of MoS2/RGO is shown in Fig. 1C,
which clearly indicated that the MoS2 nanosheets were tightly laid
flat on the RGO sheets. Fig. 1D shows that Pt3Ni nanoparticles were
deposited on the surface of MoS2/RGO well. In addition, the aver-
age diameter of Pt3Ni nanoparticles on the surface of MoS2/RGO
sheets is about 5.8 nm. It can be observed high definition crystal
fringes from HRTEM image of Pt3Ni/MoS2/RGO in Fig. 1E. The esti-
mated lattice spacing was 0.19 nm, referring to (2 0 0) crystal plane
(0.19 nm) of Pt3Ni, which is slightly less than Pt (2 0 0) spacing
(0.196 nm, JCPDS-04-0802).

The crystal structures of the as-prepared samples were further
tested by XRD. As shown in Fig. 2A, all samples exhibit two strong
Fig. 1. SEM images of MoS2/RGO (A) and Pt3Ni/MoS2/RGO (B) nanocomposites. TEM im
Pt3Ni/MoS2/RGO (E).
diffraction peaks at 13.7� and 33.4�, which are recognized as to the
diffraction from (0 0 2) and (1 0 1) planes of MoS2, respectively
[24,33]. For RGO based samples, it is difficult to observe character-
istic peak of graphene (at about 26.6�), possibly due to the small
quanity of RGO (about 5 wt%) [34]. In the XRD pattern of Pt/
MoS2/RGO nanocomposite, three peaks at 39.7�, 46.2� and 67.4�
corresponds (1 1 1), (2 0 0) and (3 1 1) of Pt plane, respectively.
However, for Ni/MoS2/RGO nanocomposite, there are no significant
characteristic peaks of Ni, which is due to its small content and
poor crystallinity. For Pt3Ni/MoS2/RGO, three diffraction peaks
locates at 40.0�, 46.5� and 68.4� are recognized as (1 1 1), (2 0 0)
and (2 2 0) planes, respectively [28,35,36]. It’s found that these
peaks are slight shift compare to pure Pt, indicating the alloying
of Pt with Ni. This phenomenon is match well with above HRTEM
analysis.

Meanwhile, the composition of Pt3Ni/MoS2/RGO nanocompos-
ite was investigated by STEM-EDX spectrum shown in Fig. 2B
and C. Firstly, the STEM image (Fig. 2B) indicates that PtNi
nanoparticles were deposited and uniformly distributed on the
surface of MoS2/RGO. Then, the EDX spectrum of Pt3Ni/MoS2/RGO
(Fig. 2C) shows that all five elements were successfully confirmed
in the composites. At the same time, the corresponding EDX ele-
mental mapping images of Pt3Ni/MoS2/RGO were shown in
Fig. 2D–H. The intense signals of C, Mo and S correspond to the
MoS2/RGO based-support, indicating the successful construction
of 2D MoS2/RGO composites. Moreover, the signals of Ni and Pt
were captured well, suggesting that Pt and Ni nanoparticles were
compounded on MoS2/RGO.

Thermogravimetric (TG) measurement for the Pt3Ni/MoS2/RGO
nanocomposite was carried out. As shown in Fig. 3, the mass loss of
sample from room temperature to 100 �C is about 12%, which was
due to the adsorbed water in sample. Additionally, a distinct mass
loss between 200 and 500 �C for Pt3Ni/MoS2/RGO was attributed to
the removal of oxygen functional groups. Finally, the Pt3Ni/MoS2/
RGO nanocomposites contained about 70 wt% of Pt3Ni/MoS2
nanocrystals [37,38].

XPS was performed to investigate the surface chemical compo-
sition and the oxidation state of the Pt/MoS2/RGO and Pt3Ni/MoS2/
RGO nanocomposites. As shown in Fig. 4A, two well doublet peaks
ages of MoS2/RGO (C) and Pt3Ni/MoS2/RGO (D) nanocomposites. HRTEM image of



Fig. 2. XRD patterns (A) of Pt/MoS2/RGO (a), Ni/MoS2/RGO (b), and Pt3Ni/MoS2/RGO (c). Low-magnification HAADF-STEM (B) image and EDX (C) and corresponding EDX
elemental mapping of C (D), Mo (E), Ni (F), Pt (G), S (H) elements in the Pt3Ni/MoS2/RGO.

Fig. 3. TG curve of Pt3Ni/MoS2/RGO nanocomposites.
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at 228.9 and 232.2 eV corresponds to Mo 3d5/2 and Mo 3d3/2,
respectively, which is attributed to Mo4+ in MoS2 [33,39]. Mean-
while, an obvious peak located at 226.6 eV corresponds to S 2s is
observed in the Mo 3d spectra. The peaks located at 161.7 and
162.9 eV in Fig. 4B attribute to the binding energy for S 2p3/2 and
S 2p1/2, respectively [33,39]. From Fig. 4C and D, the peaks at
286.2 eV and 533.8 eV correspond to C 1s and O 1s, respectively.
A typical high resolution XPS spectrum of Pt 4f of Pt/MoS2/RGO is
shown in Fig. 4E. Two peaks originating from the spin orbital split-
ting of the 4f7/2 and 4f5/2 states locate at the binding energies of
73.1 and 76.2 eV, respectively. Moreover, the binding energy of
Pt3Ni/MoS2/RGO catalyst slight shifts to higher level compared
with that of Pt/MoS2/RGO owing to the interaction between Pt
and Ni. The Ni 2p XPS spectrum of the Pt3Ni/MoS2/RGO is shown
in Fig. 4F. Fitting the curve of Ni 2p signal, it provides different
Ni species was deduced, including Ni(OH)2 and NiOOH, with Ni
2p3/2 peaks with binding energy of 856.2 eV and 857.2 eV, respec-
tively [40–42].

In order to examine the electrocatalytic activity of these differ-
ent samples, the CVs of ethylene glycol electrooxidation were mea-
sured in 1.0 M EG + 1.0 M KOH solution and the results are shown
in Fig. 5. Firstly, the electrodes did not show any redox chemistry
in 1.0 M KOH solution in the absence of EG. Secondly, all CV curves
contain two oxidation peaks in the presence of EG, suggesting
the effective of oxidation of EG. The first oxidation peak located
in the forward scan corresponds to EG adsorption oxidation, while
the next oxidation peak in the negative scan is ascribed to further
oxidation from newly produced intermediates from the forward
scan. The current density of Pt and Pt3Ni electrodes are 186 and
357 mAmg�1

Pt , respectively. After deposition of Pt nanoparticles on
the surface of MoS2/RGO nanosheets, the CV of Pt/MoS2/RGO elec-
trode shows the lager peak of 858 mA mg�1

Pt . Furthermore, when
the Pt3Ni nanoparticles were deposited on the surface of MoS2/
RGO nanosheets, the current peak density of Pt3Ni/MoS2/RGO elec-
trode was further increased to 2062 mA mg�1

Pt , which is 11.1, 5.80,
4.30, 4.68 and 2.40 times higher than Pt, Pt3Ni, Pt3Ni/RGO, Pt3Ni/
MoS2 and Pt/MoS2/RGO electrodes, respectively. At the same time,
the effect of different molar ratio of Pt and Ni on the catalytic perfor-
mance of ethylene glycol electrooxidation was carried out. From
Fig. 5B, it obviously shows that the Pt3Ni/MoS2/RGO sample reveals
the best electrocatalytic activity. The data for EGOR on different elec-
trode were normalized by surface area (0.07 cm2) and summarized
in Table 1.

These results demonstrate that the excellent electrocatalytic
performances of Pt3Ni/MoS2/RGO composites. Compare to bare Pt
or Pt3Ni, the introduction of MoS2 and RGO can improve the cat-
alytic activities obviously. This is contributed to the well-
dispersion of electrocatalyst on the surface of 2D nanosheets of
MoS2 and RGO, and high electronic transport property of RGO. Sec-
ondly, after Ni was introduced in the bimetallic PtNi, the Ni can
adjust the electronic structures of Pt or it acts as electron donation
to Pt in PtNi alloy, resulting in a decrease of Pt 4f binding energy
[28]. Moreover, the generation of Ni hydroxide passivated surface
of the PtNi catalyst, which contributes to the relatively stable activ-
ity [43]. However, the overload amount of Ni would result in some
Pt surface active sites covered by Ni species, leading to the
decreased activity of catalyst. We also take the catalyst electrocat-
alytic activity to compare with the other materials. The results are
shown in Table 2. Thus, these features imply the most efficient
electrooxidation of EG by using Pt3Ni/MoS2/RGO among the tested
catalysts.

To further evaluate the interface charge mobility of electrode,
the electrochemical impedance spectroscopies (EIS) at different
potential range of Pt3Ni/MoS2/RGO modified electrode in the
1.0 M EG + 1.0 M KOH solution were studied (Fig. 6A–C). When
the potential continuously increased from �0.60 V to �0.30 V



Fig. 4. XPS spectra of Mo 3d (A), S 2p (B), C 1s (C), O 1s (D), and Pt 4f (E) of Pt/MoS2/RGO (a) and Pt3Ni/MoS2/RGO (b) nanocomposites. XPS spectrum of the Ni 2p (F) in the
Pt3Ni/MoS2/RGO nanocomposites.

Fig. 5. (A) The 100th CVs of Pt (a), Pt3Ni (b), Pt3Ni/RGO (c), Pt3Ni/MoS2 (d), Pt/MoS2/RGO (e), and Pt3Ni/MoS2/RGO (f) electrodes in 1.0 M EG + 1.0 M KOH solution at a scan
rate of 50 mV s�1. (B) Histogram of different electrodes activities in 1.0 M EG + 1.0 M KOH solution.

Table 1
The summary data of current densities on different electrode for EGOR.

Electrode Pt Pt3Ni Pt3Ni/RGO Pt/MoS2/RGO PtNi/MoS2/RGO Pt2Ni/MoS2/RGO Pt3Ni/MoS2/RGO Pt4Ni/MoS2/RGO

j/mA mg�1
Pt 186 357 476 858 521 776 2062 1245

j/mA cm�2 2.60 9.30 12.4 24.5 11.5 19.3 54.8 33.1
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(Fig. 6A), the diameters of the impedance arcs (DIA) decreased
clearly. This is because the CO intermediate species produced from
EG dehydrogenation were removed at a higher potential, releasing
more active sites for EGOR [35]. As shown in Fig. 6B, with the
potential increasing from �0.30 V to �0.15 V, the DIA is the small-
est at the potential of �0.25 V. The result means that the Pt3Ni/
MoS2/RGO modified electrode has the better electron transfer per-
formance at this potential. When the potential further increased
from �0.15 V to 0 V (Fig. 6C), the DIA begin to increase and reverse
to the second quadrant at �0.10 V. This behavior is due to the oxi-
dation removal of CO-like intermediate from the catalyst surface,
which leads to the restoration of the catalytic active sites. At 0 V
and �0.05 V, the Nyquist plots are similar to the condition occurs
at �0.1 V. Moreover, the EIS of different modified electrodes were
investigated (Fig. 6D) and compared by the equivalent circuits
(inset in Fig. 6D), which is used to fit the EIS spectra to exhibit
the parameter of charge transfer resistance, where Rs and Rct are
represented as the electrolyte resistance and charge-transfer



Table 2
Recent reports on electrocatalytic activity of ethylene glycol oxidation by using
different materials.

Electrocatalyst Electrocatalytic performance Reference

Pt2Ni1/C 204 mAmg�1 [43]
PtPd@Pt NCs/rGO 230 mAmg�1 [44]
Pt-Pd nanoflowers 1720 mAmg�1 [45]
Snowflake-like PdAu 1990 mAmg�1 [46]
Pt@Pd NCs 688.1 mA mg�1 [47]
Pd–Ag/C nanoparticle 956 mAmg�1 [48]
Pd/Ag@C 1027 mAmg�1 [49]
Au–Pd@Pd nanocrystals 535.4 mA mg�1 [50]
PtAg NCs 863 mAmg�1 [31]
Pt3Ni/MoS2/RGO 2062 mAmg�1 This work
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resistance at electrode/solution in interface, respectively. The Q
represents the electrode double-layer capacitance which formed
at electrode/solution interface. The corresponding parameters of
Rct are exhibited in Table 3. Accordingly, we can see that the DIA
of these four kinds of electrocatalysts are arranged in the following
order: Pt (5537X cm2) > Pt3Ni (1317X cm2) > Pt/MoS2/RGO
(320.0X cm2) > Pt3Ni/MoS2/RGO (156.2X cm2). This is also consis-
tent with the above-mentioned remarkable catalyst performance.

Apart from the catalytic activity, the long-term stability of cat-
alysts is another crucial factor for evaluating their practical appli-
cations. To investigate the long-term stability of the as-prepared
samples toward the oxidation of ethylene glycol, the CVs of 150
cycles have been measured on the different catalysts modified
electrodes in 1.0 M EG + 1.0 M KOH solution. Fig. 7 shows the for-
ward peak current densities of EGOR in the scan vs. the CVs cycle
number. Firstly, as can be seen from Fig. 7A, although the current
density of Pt3Ni reached 685 mAmg�1

Pt at the beginning, the current
density decreased continuously in the later stages, suggesting that
the Pt3Ni was readily poisoned by CO and other reaction intermedi-
Fig. 6. (A–C) Nyquist plots of the Pt3Ni/MoS2/RGO electrode in 1.0 M EG + 1.0 M KOH sol
MoS2/RGO (c), and Pt3Ni/MoS2/RGO (d) in 1.0 M EG + 1.0 M KOH solution at a potential
ates generated via incomplete oxidation of ethylene glycol. More-
over, compared with Pt/MoS2/RGO electrode, Pt3Ni/MoS2/RGO
electrode revealed higher catalytic activity and stability, the maxi-
mum current density of Pt3Ni/MoS2/RGO electrode reaches to
2062 mA mg�1

Pt. In addition, after 150 cycles, the peak current density
of Pt3Ni/MoS2/RGO electrode reduces by 5.32%, while Pt/MoS2/RGO
electrode reduces about 41.6%. Meanwhile, the effect on the different
molar ratio of Pt and Ni of PtxNi/MoS2/RGO catalysts on EGOR activ-
ity and stability is investigated. Fig. 7B shows that the optimum
molar ratio of Pt and Ni in PtxNi/MoS2/RGO samples is 3:1. This
result further proves that the Pt3Ni/MoS2/RGO electrode has much
higher electrocatalytic activity and better stability for EGOR than
PtNi/MoS2/RGO, Pt2Ni/MoS2/RGO and Pt4Ni/MoS2/RGO catalysts.
From above results, we conclude that the appropriate addition with
Ni content can enhance the electro-catalytic performance of PtNi/
MoS2/RGO catalyst by changing Pt’s electronic structure.

In order to further study the anti-poisoning abilities of the cat-
alysts, the chronoamperometric (CA) curves and chronopotentiom-
etry (CP) curves were evaluated. As shown from Fig. 8A, the CA
curves show the change of current density in 1500 s at the poten-
tial of �0.2 V of different catalysts. It is obviously found that the
current density decreased rapidly at the initial minute for all the
catalysts. This may be caused by the formation of Pt oxides and
CO-like intermediates on the surface of electrodes, which induces
the partial poisoning of the catalysts during the process of EGOR
reaction [51,52]. More important, in the entire experimental test-
ing process, the Pt3Ni/MoS2/RGO electrode exhibits a higher cur-
rent density compared to the other catalysts, implying the
superior poisoning-tolerance ability of Pt3Ni/MoS2/RGO electrode
than the others.

In addition, the CP experiment was also used to confirm the
anti-poisoning abilities of the different catalysts and the results
were shown in Fig. 8B. The potential enhances with the time going
and then jumps to a higher potential eventually for all catalysts,
ution at the potentials from �0.60 V to 0 V. (D) Nyquist plots of Pt (a), Pt3Ni (b), Pt/
of �0.25 V. The inset is a equivalent circuit to fit the impedance spectra.



Table 3
The parameters of Rct from equivalent circuits for different electrodes at EG
Electrolyte.

Electrode Pt Pt3Ni Pt/MoS2/RGO Pt3Ni/MoS2/RGO

X cm2 5537 1317 320.0 156.2
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suggesting that the catalysts have been poisoned by intermediate
poisonous species (such as COads) [53]. It is clearly shown that
the sustaining time of Pt3Ni/MoS2/RGO is about 4021 s, which is
much longer than Pt electrode (280.6 s), Pt3Ni electrode (918.3 s)
and Pt/MoS2/RGO electrode (1739 s), about 14.3, 4.40 and 2.30
times longer than Pt, Pt3Ni and Pt/MoS2/RGO, respectively. This
result further confirms that the anti-poison ability of Pt3Ni/MoS2/
RGO electrode is better than others electrodes.

Additionally, CO stripping voltammetry was used to evaluate
the catalytic activity and stability of Pt-based catalysts. As shown
in Fig. 9, CO stripping CVs for Pt3Ni, Pt/MoS2/RGO and Pt3Ni/
MoS2/RGO are exhibited. Firstly, a peak at ca. 0.7 V in the first pos-
itive scan (black line) was observed, which is attributed to CO
stripping. With the desorption of CO, this peak disappears or
reduces distinctly in the second positive scan. The values of cata-
lysts’ electrochemical active surface areas (ECSAs) were figured
on the basis of the following Eq. (1):[54,55]

ECSA ¼ QCO

½M� 0:42mC cm�2 ð1Þ
Fig. 7. (A) The peak current intensity of EGOR in the forward scan on Pt (a), Pt3Ni (b), Pt/M
in 1.0 M EG + 1.0 M KOH solution. (B) The peak current intensity of EGOR in the forward sc
RGO (g) modified electrodes vs. the CVs cycle number under the same condition.

Fig. 8. Chronoamperometry curves (A) at �0.2 V (vs. Ag/AgCl) and chronopotentiometry
electrodes in 1.0 M EG + 1.0 M KOH solution.
Among Eq. (1), Qco is the charge which is integral to the CO
stripping CV; [M] means that the mass loading of Pt on the cata-
lysts (about 8.0, 2.0, 1.9 mg for three catalysts); 0.42 mC cm�2 is
the charge density attributed to the complete oxidation of CO
monolayer. Secondly, the oxidation peak of CO for the Pt3Ni/
MoS2/RGO electrode is significantly larger than the peak of the
Pt3Ni and Pt/MoS2/RGO electrode. The calculated ECSA values for
Pt3Ni, Pt/MoS2/RGO and Pt3Ni/MoS2/RGO were 14.9, 55.5,
157 cm2 mgpt�1, respectively. Moreover, the CO stripping peak in
the Pt3Ni/MoS2/RGO samples was much larger than these of Pt3Ni
and Pt/MoS2/RGO, which is also match well with the tendency of
the value of ECSA. These phenomena indicate that the sample of
Pt3Ni/MoS2/RGO has more catalytic active sites, which is beneficial
to EGOR.

We used XPS to further confirm the stability of MoS2 in the as-
prepared Pt3Ni/MoS2/RGO electrocatalyst after EGOR. As illustrated
in Fig. 10, a typical peak located at 229.0 and 232.3 eV are assigned
to Mo 3d5/2 and Mo 3d3/2, respectively, and two peaks at 162.1 and
163.7 eV attributed to S 2p3/2 and S 2p1/2, respectively. These
results are consistent with the XPS results of MoS2 in Pt3Ni/
MoS2/RGO before the electrocatalytic oxidation of EG, indicating
that the MoS2 species were not oxidized during reaction.

Based on above discussion, the as-prepared Pt3Ni/MoS2/RGO
composites showed a promising prospect for the oxidation of EG
in alkaline medium. The probable electrooxidation mechanism of
EG was proposed as following. Firstly, with the 2D nanosheets
of MoS2 and RGO, the as-prepared Pt3Ni nanoparticles were
oS2/RGO (c) and Pt3Ni/MoS2/RGO (d) modified electrodes vs. the CVs cycle number
an on Pt3Ni/MoS2/RGO (d), PtNi/MoS2/RGO (e), Pt2Ni/MoS2/RGO (f), and Pt4Ni/MoS2/

curves (B) at 100 lA of Pt (a), Pt3Ni (b), Pt/MoS2/RGO (c), and Pt3Ni/MoS2/RGO (d)



Fig. 9. CO-stripping voltammetry for Pt3Ni (A), Pt/MoS2/RGO (B) and Pt3Ni/MoS2/RGO (C) electrodes at 50 mV s�1 in H2SO4 solution.

Fig. 10. XPS spectra of Mo 3d (A) and S 2p (B) of the MoS2 in sample of Pt3Ni/MoS2/RGO after EGOR.
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well-dispersed on the surface of MoS2/RGO nanosheets. Secondly,
high electronic transport property of RGO contributes to fast elec-
tron transport during the EG oxidation reaction. Thirdly, in the
direct ethylene glycol fuel cells, NiPt nanoparticles were deposited
on the surface of MoS2/RGO, which were acted as the active sites
and the EG molecules were electro-oxidized to CO2 on its surface.
Owing to the synergistic effect between Ni and Pt atoms, the cat-
alytic performances of EG oxidation were improved after the intro-
duced Ni atom in the metallic PtNi. The main steps for the
oxidation of EG were described as follow equations: [10,13,56]

(CH2OH)2ðsolutionÞ ! Pt—(CH2OH)2ðadsÞ ð2Þ

Pt—(CH2OH)2ðadsÞ + 2OH— !Pt-(:COH)2 + 2H2O + 2e� ð3Þ

Pt-(:COH) + 2OH— !Pt-HCOOðadsÞ + H2O + 2e� ð4Þ

Pt—HCOOðadsÞ + e� !Pt—COads + OH— ð5Þ

Pt + OH— !Pt—OHðadsÞ + e� ð6Þ

Pt—COðadsÞ + Pt—OHðadsÞ ! CO2 + 2Pt + Hþ + e� ð7Þ

Ni + OH—!Ni—OHðadsÞ + e� ð8Þ

Pt—COðadsÞ + Ni—OHðadsÞ ! CO2 + Pt + Ni + Hþ + e� ð9Þ
4. Conclusion

In summary, 2D MoS2/RGO composites were synthesized and
then used as an effective support for the deposition of PtxNi alloy
electrocatalysts. The as-prepared PtxNi/MoS2/RGO modified
electrode shows remarkably enhanced electrocatalytic activity
and stability in ethylene glycol oxidation process compared with
Pt/MoS2/RGO electrode. In addition, compared with different molar
ratio of Pt and Ni alloy, the as-prepared Pt3Ni/MoS2/RGO modified
electrode displays more prominent catalytic performance for the
EGOR. These results indicate that the as-prepared Pt3Ni/MoS2/
RGO modified electrode can provide more insights for the wider
application of the direct ethylene glycol fuel cell system.
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