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electrocatalyst for the oxygen reduction reaction†
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Jing Tang, Junming Chen and Xuchun Wang

The structural properties such as high specific surface area, good electrical conductivity, rich-defects of the

catalyst surface guarantee outstanding catalytic performance and durability of oxygen reduction reaction

(ORR) electrocatalysts. It is still a challenging task to construct ORR catalysts with excellent performance.

Herein, we have reported column-like MoS2/rGO with defect-rich ultrathin nanosheets prepared by

a convenient solvothermal method. The structure and composition of MoS2/rGO are systematically

investigated. MoS2/rGO shows a remarkable electrocatalytic performance, which is characterized by an

outstanding onset potential of 0.97 V, a half-wave potential of 0.83 V, noticeable methanol tolerance,

and durability of 93.7% current retention, superior to commercial Pt/C. The ORR process occurring on

MoS2/rGO is a typical four electron pathway. Therefore, this study achieves the design of a low-cost,

highly efficient and stable nonprecious metal ORR electrocatalyst in alkaline media.
1. Introduction

With the increasing depletion of fossil fuel resources as well as
severely growing environmental problems, more and more
attention has been paid to the development of new fuel cells
(FCs) with high energy efficiency and extremely low emission of
pollutants, which can sustainably produce electricity.1–3 As the
core reaction of FCs, the oxygen reduction reaction (ORR) in the
cathode is more complicated and pivotal in obtaining better
fuel cell performance.4 Therefore, the ORR catalysts play
a decisive role in the development and extensive commerciali-
zation of FCs.5,6 Although they still possessed some fatal
shortcomings, such as high costs, limited reserves, poor oper-
ational stability and easy poisoning, at present, Pt and its alloys
are still the best ORR catalysts. These shortcomings have seri-
ously restricted the commercialization development of FCs.7,8

Therefore, fabricating high-performance, low-cost and perdu-
rable ORR catalysts has become particularly urgent to promote
the commercialization of fuel cells.

In the process of exploring alternatives to precious metal
catalysts, scientists are paying more and more attention to
transition metal compounds with a wide range of sources,
environmental friendliness and easy synthesis. Recently, tran-
sition metal oxides,9–14 carbides,15–17 nitrides,18–20 etc. have been
gradually used as ORR catalysts, which have been proved to
neering, Anhui Science and Technology
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(ESI) available: SEM, TEM and AFM of
h-resolution XPS proles of Mo 3d and
L plots of MoS2, rGO and Pt/C, the
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show good catalytic performance. The morphology, surface
defects, and element vacancies of the catalyst were found to
have extremely important inuences on their electrocatalytic
performance. Duan et al. have found large differences in the
catalytic performance of Mn3O4 nanoparticles with different
shapes integrated with nitrogen-doped graphene.21 The
improvement of the catalytic performance of the catalyst by
oxygen vacancies (OVs) was demonstrated by Liu et al. They
have argued that the improved catalytic activity is due to the fact
that oxygen vacancies lower the band gap of oxide semi-
conductors, thereby improving their electrical conductivity,
while oxygen vacancies provide a strong metal–support inter-
action.22 The enriched oxygen vacancies on the MnOx surface
for the MONPMs/NC catalyst yielded a high ORR performance.23

By controlling the Mo/S ratio in the synthesis process, Xie et al.
achieved the control of the surface defects of MoS2, and the
catalytic performance of the defect-rich MoS2 was obviously
improved.24 Among numerous transition metal compounds,
inorganic graphene analogues (IGAs) with 2D ultrathin struc-
tures have attracted considerable attention because of their
unique physical and chemical properties.25,26 Because of the
great differences between the inter- and intralayer bonds, these
layered materials exhibit high anisotropy, which provides them
an opportunity for practical applications. At present, IGAs are
getting more and more applications in energy conversion
devices.27–30 As a typical IGA, the controllable synthesis and
application of MoS2 have been extensively studied. However, the
research of ultrathin 2D MoS2 as an ORR catalyst is still rare.

Herein, we report the preparation of a 3D column-like MoS2/
rGO catalyst stacked with ultrathin nanosheets by a sol-
vothermal method. Such an interesting structure has accessible
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) SEM image, (b) TEM image, (c) HRTEM image, (d) SEAD
image, (e) AFM image and (f) height profiles from sections as indicated
by the white lines of MoS2/rGO.
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View Article Online
sites, maximized edges, and suitable interlayer distances to
make it work as an effective ORR catalyst. As an intercalation
agent for the exfoliation of 2D layered materials, 1-methyl-2-
pyrrolidinone (NMP) can effectively prevent the aggregation of
MoS2 used as a solvent in the synthesis process, which plays
a key role in the formation of this special structure. As a result,
the 3D column-like MoS2/rGO catalyst has revealed prominent
ORR performance and durability with a typical four-electron
path. The research opens new possibilities for controlling the
morphology and structure of suldes to optimize their ORR
performance.

2. Experimental
2.1 Fabrication of ultrathin MoS2/rGO

155 mg NaOHwas ground into a powder and added quickly into
30 mL 1-methyl-2-pyrrolidinone (NMP, 99%) and 30 mg
graphite oxide (GO), then 183 mg of sodium molybdate (Na2-
MoO4$2H2O, AR) and 363mg L-cysteine [HSCH2CH(NH2)COOH,
98%] were added. Aer being stirred for 30 min, the solution
was transferred to a Teon-lined stainless steel autoclave with
a capacity of 45 mL. The sealed vessel was then put into a 220 �C
oven for 18 h and naturally cooled to room temperature. The
black product was washed with anhydrous ethanol and deion-
ized water successively three times and then dried at 80 �C
under vacuum overnight. The sample was denoted as MoS2/
rGO. The synthesis procedure of MoS2 is the same as that of
MoS2/rGO, except GO was not added.

2.2 Characterization techniques

The morphology of MoS2/rGO and MoS2 was studied by eld
emission scanning electron microscopy (FESEM, FEI HITACHI
S-4800) and transmission electron microscopy (TEM, JEOJ-
2010). The crystalline behavior of MoS2/rGO and MoS2 was
analyzed by XRD (Rigaku D/max-rA) with Cu Ka radiation (l ¼
0.154 nm, 2q ¼ 5–90�). The surface chemical compositions of
MoS2/rGO and MoS2 were recorded on a Thermo ESCALAB 250
Xi with a Mg Ka (1253.6 eV) radiation exciting source. The
sample surface area was determined with a Micromeritics ASAP
2460 system. Atomic force microscopy (AFM) was performed
using a Veeco DI Nano-scope MultiMode V system. Raman
spectra were recorded on a Senterra R200-L Raman microscope
with a diode laser with excitation at 532 nm.

2.3 Electrochemical measurements

Electrochemical performance of the as-prepared catalysts was
recorded on an electrochemical workstation (CHI 700E, Chen-
hua, Shanghai) using a conventional three-electrode system.
The catalyst ink-coated rotating disk electrode (RDE, 5 mm in
diameter) was used as a working electrode, a Pt wire as a counter
electrode, a Ag/AgCl electrode as a reference electrode and 0.1 M
KOH aqueous solution as the electrolyte. All the potentials in
the experiment are converted to the relative hydrogen electrode
(RHE) according to the formula ERHE ¼ EAg/AgCl + 0.0592pH +
EAg/AgCl

q. Before each electrochemical experiment, the RDE was
polished with Al2O3 (�0.1 mm) slurry and then cleaned with
© 2021 The Author(s). Published by the Royal Society of Chemistry
deionized water by ultrasonication to remove the residual Al2O3.
4 mg catalyst and 17 mL Naon ionomer solution (5 wt%) were
added into 1 mL ethanol and ultrasonically treated for 1 h to
obtain a uniform catalyst ink. Subsequently, 5 mL of catalyst ink
was dripped on the RDE surface and dried under ambient
conditions to form the working electrode with a catalyst load of
�100 mg cm�2. The same process is applied for the commercial
Pt/C catalyst (20 wt%) as a comparison. Aer being passed with
O2/N2 for 30 min, the electrolyte can be applied to electro-
chemical measurements and kept the ventilation state. The
ORR catalytic activity of the catalyst was characterized by linear
sweep voltammetry (LSV) and cyclic voltammetry (CV) within
the potential window of 0–1.2 V (vs. RHE) by the RDE technique
with a scan rate of 10 mV s�1. The chronoamperometric method
was used to evaluate the durability and methanol tolerance with
1600 rpm at 0.7 V (vs. RHE). To obtain the electron transfer
number of per O2, the rotation speed of the RDE varied from 400
to 2500 rpm. The electron transfer number is estimated through
the following equations for slopes of Koutecky–Levich (K–L)
plots obtained from LSV curves.31

1

J
¼ 1

JK
þ 1

Bu1=2
(1)

B ¼ 0.2nF(DO)
2/3n�1/6cO (2)

where J and JK signify the measured current density and the
kinetic current density, u denotes the rotating rate, and F
stands for the Faraday constant (96 485 C mol�1). DO is the
diffusion coefficient of O2 in 0.1 M KOH (1.9 � 10�5 cm2 s�1). n
signies the kinetic viscosity (0.01 cm2 s�1). cO is the bulk
concentration of O2 (1.2 � 10�6 mol cm�3). The constant 0.2 is
applied when the unit of the rotation speed is in rpm.

3. Results and discussion

The morphology of the as prepared MoS2/rGO sample was
detected by SEM and TEM and is shown in Fig. 1. As can be seen
from Fig. 1a, the MoS2/rGO sample presents a column-like
structure consisting of irregular MoS2 nanosheets stacked
RSC Adv., 2021, 11, 24508–24514 | 24509
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Fig. 2 (a) XRD patterns, (b) Raman spectrum, (c) nitrogen adsorption–
desorption isotherms, and (d) the corresponding pore size distribution
curves of MoS2/rGO and MoS2.
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View Article Online
together with each other. The diameter of the column-like
structure is about 30–70 nm. Such an interesting 3D acces-
sible nanostructure with the maximized edges and appropriate
interlayer distance can be provided with more active sites for
electrocatalytic reactions, which is benecial to the improve-
ment of catalytic activity. However, a nano-owered structure
formed by the hinges of the nanosheets of the resultant MoS2
emerged when graphene was not added into the reaction system
(Fig. S1†). The corresponding TEM image further authenticated
that the MoS2 nanosheets are grown on the surface of graphene
for the MoS2/rGO sample which shows a typical transparent
lm-like morphology as shown in Fig. 1b. A lattice fringe of
0.62 nm on the high-resolution transmission electron micros-
copy (HRTEM) images of MoS2/rGO and MoS2 samples is
observed, as displayed in Fig. 1c, which belongs to the d spacing
of the (002) lattice plane of MoS2. Careful observation of the
HRTEM images brings to light that rich defects and disordered
structure emerged for the MoS2/rGO sample, whereas MoS2 did
not. This phenomenon is attributed to the disorganization in
the atomic arrangement caused by the addition of graphene
during the formation of MoS2. The existence of rich defects
provides a large number of active sites of the MoS2/rGO catalyst.
The selected area electron diffraction (SEAD) pattern in Fig. 1d
can be indexed to the pure phase for the adsorption and
dissociation of O2 on the catalyst surface, which is of great
signicance to the improvement of the catalytic hexagonal MoS2
phase. The presence of clear diffraction spots revealed that the
MoS2 sheets of the MoS2/rGO catalyst are composed of few
layers. Atomic force microscopy (AFM) results were used to
demonstrate the ultrathin structure of the synthesized MoS2
materials. The AFM image of MoS2/rGO (Fig. 1e) is conrmed
once again; it has a column-like structure composed of nano-
sheets superimposed together. The AFM image and corre-
sponding height proles (Fig. 1e and f) showed that the average
height of the MoS2/rGO sheets is about 2 nm, which is signi-
cantly lower than the thickness of MoS2 (Fig. S1e and S1f†). The
ultrathin MoS2 nanosheet partially retains the electron conju-
gation on the S–Mo–S layer, thus resulting in a better intrinsic
conductivity than the polycrystalline MoS2, which is benecial
to the improvement of its electrocatalytic activity.

To detect the crystalline structure of MoS2/rGO and MoS2
samples, X-ray powder diffraction patterns are measured and
exhibited in Fig. 2a. For MoS2 samples, the XRD pattern can be
indexed to the hexagonal MoS2 (JCPDS no. 37-1492). Four
diffraction peaks at 17�, 32.2�, 33.7�, 39.3� and 57.1� can be
assigned to the (002), (100), (101), (103) and (110) planes of the
2H-MoS2, respectively. The diffraction peak position of the (002)
plane is slightly higher than that of the standard card, sug-
gesting subtle changes in its crystal structure. The XRD pattern
of MoS2/rGO is basically consistent with that of MoS2. A new
diffraction peak appears in the low-angle region, which corre-
sponds to a (001) plane with a d spacing of 0.94 nm. This
d spacing of 0.94 nm is larger than the 0.61 nm of the pristine
2H-MoS2,32,33 implying the appearance of a different layered
structure in the samples, which may be due to the intercalation
of NMP or the oxidized species of the initially MoS2 nanosheets.
Because NMP can be used as an intercalation agent for the
24510 | RSC Adv., 2021, 11, 24508–24514
exfoliation of the two-dimensional layered materials, such as
MoS2, NMP can effectively prevent the aggregation of MoS2
nanosheets and ultimately lead to the formation of (001) crystal
planes with a larger d spacing during the reaction process when
NMP is used as a solvent in the reaction system.34,35 The asym-
metrical shape of the (100) plane diffraction peaks indicates the
stacking faults between the nanosheets, which may be due to
the relative crystal plane sliding.36

Raman spectral analysis is an effective technique to detect
the number of layers and defects of two-dimensional nano-
materials. As shown in Fig. S2,† the Raman spectrum of MoS2/
rGO exhibited two characteristic peaks located at 1352 and
1586 cm�1, corresponding to the D band and G band of gra-
phene, respectively, indicating the existence of graphene in the
sample. The two MoS2 samples also exhibited two characteristic
peaks at low Raman shis, as shown in Fig. 2b, which are the
characteristic peaks of MoS2. In general, MoS2 has two Raman
bands located at 380 and 408 cm�1, corresponding to the
E1
2g and A1g modes, respectively.37 The former is caused by the

in-plane vibration and the latter by the out-of-plane vibration of
two sulfur atoms with the molybdenum atom within the S–Mo–
S layer.38 For MoS2/rGO, two characteristic peaks are found at
382.3 and 404.8 cm�1. It has been reported that the difference in
Raman shis between the two Raman peaks can be used to
identify the number of layers of ultrathin MoS2 crystals.37 The
difference value of 22.5 cm�1 for the MoS2/rGO sample is
obviously lower than the 26.3 cm�1 of MoS2, suggesting the
lower layer numbers of MoS2/rGO. This observation is
completely consistent with the AFM result, indicating that the
as-prepared MoS2/rGO sample has an ultrathin structure. The
ultrathin structure is not only benecial to the improvement of
the electrical conductivity, but also to the increase of the active
sites. Therefore, a better ORR performance can be predicted
from the unique defect-rich MoS2/rGO ultrathin nanosheets.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The surface area and porous structure of the two MoS2
samples were characterized by nitrogen adsorption–desorption
isotherm and pore size distribution analysis. It can be seen from
Fig. 2c that the isotherms occupy an obvious hysteresis loop at
a relative pressure of 0.45, which indicates a typical type IV
adsorption, corresponding to a mesoporous structured mate-
rial. The BET specic area of MoS2/rGO is 71 m2 g�1 with a pore
volume of 0.165 cm3 g�1, larger than those of MoS2 (42 m2 g�1

and 0.139 cm3 g�1). The average pore size of MoS2/rGO is 14 nm
(Fig. 2d), which is also slightly larger than that of MoS2 (8.6 nm).
Larger pore sizes and porosity can provide rapid electrolyte
transport and carrier-ion diffusion.

X-ray photoelectron spectroscopy (XPS) is an effective means
to detect the chemical states of the elements on the catalyst
surface. Fig. 3a displays the XPS characterization results of the
samples. The MoS2/rGO sample shows the characteristic peaks
of Mo, S, C, and O, whereas the MoS2 sample doesn't contain C
element. The high-resolution XPS spectra of Mo 3d consisted of
six peaks located at 226.6, 229.2, 230.0, 232.3, 233.2, and
236.3 eV, respectively (Fig. 3b). The small hump at 226.6 eV can
be ascribed to sulfur 2s, which is in good agreement with
previous reports.39 For the as-prepared MoS2/rGO, the two broad
peaks centered at 232.5 and 229.3 eV can be resolved to two pair
peaks, respectively. The former resolved peaks are located at
229.2 and 230.0, corresponding to Mo4+ d5/2 and the latter
resolved peaks at 232.3 and 233.2 eV, corresponding to Mo4+ d3/
2. The existence of the sixth XPS peak at 236.0 eV can be indexed
to Mo6+ 3d5/2, which may be from the surface oxidation of
MoS2.40 Compared withMoS2 (Fig. S3a†), the peak of Mo6+ 3d5/2
for the MoS2/rGO sample is extremely weak, indicating that
MoS2 is themain existence form of theMoS2/rGO sample, which
may be due to the reduction of graphene. It can be observed that
the binding energy of Mo4+ of MoS2/rGO samples is slightly
negatively shied compared to that of MoS2, which may be the
result of the interaction of Mo atoms with graphene. This
interaction facilitates the electronic transfer between MoS2 and
Fig. 3 (a) XPS spectrum. High-resolution XPS profiles of (b) Mo 3d, (c)
S 2p and (d) C 1s of MoS2/rGO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
graphene, resulting in the improvement of the catalytic
performance of MoS2/rGO. The S 2p XPS spectra of MoS2 can be
resolved into two sets of peaks that can be respectively assigned
to S 2p3/2 located at 162.1 and 162.7 eV and S 2p3/2 located at
163.7 and 164.9 eV, respectively (Fig. S3b†). These two sets of
peaks indicate that there are two forms of S: apical S2� and
bridging S2

2� ligands, which explain the existence of a large
number of Mo6+ on the surface of MoS2.41 In contrast, as shown
in Fig. 3c, the S 2p spectra of MoS2/rGO can only be decomposed
into two peaks located at 162.4 and 163.7 eV, which is the
characteristic peak of the S2� in MoS2. The deconvoluted C 1s
spectrum consists of three peaks located at 284.9 eV, 285.7 and
289.1 eV, which could be assigned to the C–C, C–O, and COOH
bonds, respectively (Fig. 3d). The total content of C–C and C–O
bonds is 89%, indicating that GO was effectively reduced during
the synthesis process, which is favorable for the rm recombi-
nation of MoS2 and rGO. The value of S/Mo element ratio of
MoS2/rGO estimated from the integral peak area of the XPS
spectra is �2.0.

Electrochemical methods were performed to verify the
conjecture of the ORR electrocatalytic performance of the MoS2/
rGO catalyst. Fig. 4a portrays the cyclic voltammetry curves of
various samples in 0.1 M KOH solution saturated with N2 or O2.
The CV proles of three samples in N2-saturated 0.1 M KOH
solution delivered no obvious reduction peaks. With the
appearance of O2 in 0.1 M KOH solution, the well-dened
reduction peaks of O2 located at 0.80 V for MoS2/rGO, at
0.55 V for MoS2, and at 0.78 V for rGO emerged and the current
densities were 0.37, 0.24 and 0.27 mA cm�2, respectively. The
emergence of oxygen reduction peaks indicates the catalytic
effect of the three samples for the ORR, in which the peak
current and peak potential of MoS2/rGO are signicantly higher
than those of rGO and MoS2, suggesting its optimal catalytic
performance.

To further investigate the ORR catalytic activity of MoS2/rGO,
these materials and commercial Pt/C were tested using
a rotating disk electrode (RDE) in an O2-saturated alkaline
medium. The ORR polarization proles of MoS2, rGO, MoS2/
rGO, and Pt/C with a rotating rate of 1600 rpm are exhibited and
compared in Fig. 4b. The onset (Eonset) and half-wave (E1/2)
potentials of rGO and MoS2 were 0.88 V, 0.73 V and 0.68 V,
0.61 V, respectively, whereas the Eonset and E1/2 of MoS2/rGO
signicantly positively shied to 0.98 V and 0.83 V, respectively.
Both the Eonset and E1/2 of MoS2/rGO are very comparable to
those of the Pt/C (Eonset ¼ 0.99 V and E1/2 ¼ 0.85 V). Combined
with the fact that its current density is close to the measured
value of Pt/C, it is strongly recommended that MoS2/rGO is
a very effective ORR catalyst.

The LSV curves at the different rotating rates ranging from
400 to 2500 rpm were recorded to explore the reaction kinetics
of the ORR catalyzed by MoS2/rGO. Fig. 4d and S4† present
a dramatic increase in the current density with an increasing
rotating rate due to the reduced distance between the electrolyte
and electrode. The K–L curves of different materials obtained by
tting according to the Koutecky–Levich equation at 0.4 V are
shown in Fig. 4c. The tting results all show a good linear
relationship, indicating that the ORR is a rst-order reaction.
RSC Adv., 2021, 11, 24508–24514 | 24511
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Fig. 4 (a) CV of three samples in N2- and O2-saturated 0.1 M KOH solution at a scan rate of 10 mV s�1. (b) Linear sweep voltammetry (LSV) of
three samples and Pt/C in O2- saturated 0.1 M KOH at a scan rate of 10 mV s�1 with an RDE rotation rate of 1600 rpm. (c) K–L plots at 0.4 V of
three samples and Pt/C. (d) LSV of MoS2/rGO. (e) Calculated K–L plots of MoS2/rGO. (f) Transferred electron number n and JK of the ORR for
three samples and Pt/C.

Fig. 5 (a) Tafel plots of the three samples and Pt/C. (b) EIS of the three
samples and Pt/C. (c) i–t chronoamperometric response of MoS2/rGO
and Pt/C with the addition of 3 M methanol. (d) Chronoamperometric
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The K–L prole of MoS2/rGO is closer to that of Pt/C than those
of MoS2 and rGO, and almost overlaps with that of Pt/C, indi-
cating that MoS2/rGO has almost the same catalytic perfor-
mance as Pt/C. Fig. 4f displays the electron transfer number (n)
and kinetic current (JK) of the several samples and Pt/C for the
ORR processes calculated from the slope and intercept of the
K–L proles at 0.4 V. The n value of MoS2/rGO was found to be
3.95; in other words, the ORR process occurring on MoS2/rGO is
a four electron pathway, while that of MoS2 is 2.28 and rGO is
3.25. The JK value of MoS2/rGO is 30.45 mA cm�2, which is
signicantly higher than that of MoS2 and rGO and closer to
that of Pt/C (35.67 mA cm�2). These electrochemical results
have demonstrated the excellent catalytic performance of MoS2/
rGO for the ORR process, which is closely related to the special
structure of the ultrathin stacked nanosheets.

From the comparison of MoS2 andMoS2/rGO, it is found that
GO has an important inuence on the morphology, surface
defects and catalytic activity of MoS2/rGO, so it is necessary to
conduct a systematic research on the inuence of GO content
on the catalytic activity of MoS2/rGO during the synthesis
procedure. The results of the effect on the catalytic activity of
MoS2/rGO with different GO contents added in the synthesis
procedure are shown in Fig. S5.† The result shows that the Eonset
of MoS2/rGO gradually increases with the increase of GO
content, reaching the maximum when the GO content is 30 mg,
and subsequently decreases. The change trend of current is the
same. The results of n value and JK also indicate the optimal
catalytic activity of MoS2/rGO with 30 mg of the GO content. It
can be seen that GO plays an important role in the formation of
24512 | RSC Adv., 2021, 11, 24508–24514
MoS2/rGO. The presence of GO disrupts the MoS2 structure,
leading to the production of numerous surface defects.

Tafel polarization proles were used to conrm the ORR
catalytic activity of MoS2/rGO. As shown in Fig. 5a, the Tafel
slope of MoS2/rGO is �53 mV dec�1, which is very close to the
�40 mV dec�1 of Pt/C and far below the�206 mV dec�1 of MoS2
and –103 mV dec�1 of rGO. Such results again suggest the
excellent ORR catalytic performance of MoS2/rGO. The electrical
conductivity of the catalytic material has an important effect on
response of MoS2/rGO and Pt/C. Tests were conducted in O2-satu-
rated 0.1 M KOH solution at 0.7 V.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the electron transfer of the catalytic reaction, thus affecting its
catalytic performance. Electrochemical impedance spectros-
copy (EIS) experiments were performed to characterize the
electron transfer process of the ORR process on MoS2/rGO. The
EIS Nyquist plots of the three samples and commercial Pt/C are
shown in Fig. 5b and the resultant EIS data are obtained from
the equivalent circuit model shown in Fig. S6.† The high
frequency intercept on the real axis determines the serial
resistance (Rs), which is usually caused by bulk resistance,
conductivity of the catalyst and adhesion between the catalyst
and GC substrate. The Rs values of MoS2/rGO, rGO, MoS2 and Pt/
C are 15.88, 18.19, 22.16 and 20.63 U, respectively. MoS2/rGO
occupies the lowest Rs, indicating its best electrical conduc-
tivity, which is caused by its graphene analogue properties and
ultrathin structure. The high frequency region possesses
a semicircle, which is caused by the electron transfer resistance
during the oxygen reduction reaction. The diameter value
reects the electrocatalytic activity of the catalytic material for
the ORR. Rct increases in the order of Pt/C (25.96 U) < MoS2/rGO
(27.21 U) < rGO (33.20 U) < MoS2 (47.29 U), indicating the best
electrocatalytic activities of MoS2/rGO for the ORR in the three
catalysts, even close to Pt/C. This is in full agreement with
previous characterization results.

The methanol tolerance and durability of the ORR catalyst
are two important performance parameters for their practical
application in fuel cells. During the operation of the direct
methanol fuel cell (DMFC), the methanol can penetrate to the
cathode through the proton exchange membrane and react on
the cathode catalyst to poison the ORR catalyst by methanol
oxidation and result in the deactivation of ORR activities, which
seriously affects the performance of the fuel cell. Consequently,
a desirable ORR catalyst should have favorable selectivity, and
its reaction to methanol oxidation during the ORR catalytic
process should be inert. Chronoamperometric analysis at 0.7 V
was used to examine the methanol tolerance of the MoS2/rGO
catalyst toward ORR activity to explore the practical application
of an active electrocatalyst in fuel cells, as presented in Fig. 5c.
Prior to the addition of 3 M methanol into the KOH electrolyte,
the commercial Pt/C catalyst showed signicantly higher
current density than MoS2/rGO which slowly decreased, indi-
cating good but unstable catalytic activity of Pt/C. With the
addition of methanol, the current of the Pt/C catalyst rapidly
decreased to a lower value and gradually stabilized. The current
decrease is due to the competitive reaction of the ORR with
methanol oxidation on the catalyst's surface resulting from the
inferior selectivity and sensitivity of the commercial Pt/C cata-
lyst. For the MoS2/rGO catalyst, a signicant change of the
current density did not emerge aer the presence of methanol
under the same experimental conditions. These facts fully
demonstrate the outstanding methanol tolerance and super-
high ORR selectivity of the MoS2/rGO catalyst. Long-term
durability is another important property of an excellent ORR
catalyst in practical application of fuel cells and can also be
measured by chronoamperometric analysis. Fig. 5d shows the
chronoamperometric proles of MoS2/rGO and Pt/C catalysts at
a potential of 0.7 V in O2-saturated 0.1 M KOH. The durability
comparison showed that aer 8 hours of operation, 93.7% of
© 2021 The Author(s). Published by the Royal Society of Chemistry
the initial current still remains for the MoS2/rGO catalyst,
whereas the residual current of Pt/C only retains 77.7% of the
initial current. The results showed that the MoS2/RGO catalyst
demonstrates a much more outstanding durability than Pt/C.

The results of electrochemical experiments verify our
prediction of the ORR catalytic activity of the MoS2/RGO cata-
lyst. The particularity of the morphology and structure guar-
antees excellent ORR catalytic activity of MoS2/rGO. The
column-like structure stacked by the ultrathin nanosheets of
MoS2 provides a large surface area and mesoporous structure
for the catalyst material which provide a rapid electron/ion
transport path and abundant channel for the transport of the
electrolyte and reactant particles in the ORR process. The
ultrathin nanosheets and the interaction of Mo atoms with
graphene enhance the electrical conductivity of the composite
material which can ensure the fast electron transfer and low
charge transfer resistance. The rich-defects of the nanosheets
provide sufficient active sites for the adsorption and dissocia-
tion of O2. It is the particularity of these structures that ensures
its outstanding ORR catalytic performance.
4. Conclusions

In summary, column-like MoS2/rGO with defect-rich ultrathin
nanosheets was prepared by a convenient solvothermal method
as the ORR catalyst for fuel cell applications. The MoS2/rGO
composite catalyst has an ultrathin layered structure, rich
defects, large surface area, mesoporous structure, and interac-
tion between MoS2 and graphene. As the ORR catalyst, the
MoS2/rGO composite catalyst showed an excellent ORR perfor-
mance, which is characterized by the higher onset potential,
half-wave potential and current density. The transferred-
electron number of the ORR process is 3.95, which means
that the ORR process occurring on the MoS2/rGO composite
catalyst is a typical four electron pathway. Meanwhile, the MoS2/
rGO composite catalyst also exhibits outstanding methanol
tolerance and long-term durability. Hence, this investigation
has provided an inexpensive, efficient, and stable cathode
catalyst used as a substitute for Pt to probe the feasibility of
promoting the commercialization of fuel cells.
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