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ABSTRACT: Three-dimensional oxygen-incorporated MoS,
ultrathin nanosheets decorated on reduced graphene oxide (O-
MoS,/rGO) had been successfully fabricated through a facile
solvent-assisted hydrothermal method. The origin of the
incorporated oxygen and its incorporation mechanism into
MoS, were carefully investigated. We found that the solvent
N,N-dimethylformamide (DMF) was the key as the reducing
agent and the oxygen donor, expanding interlayer spaces and
improving intrinsic conductivity of MoS, sheets (modulating
its electronic structure and vertical edge sites). These O
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dopants, vertically aligned edges and decoration with rGO gave effectively improved double-layer capacitance and catalytic
performance for hydrogen evolution reaction (HER) of MoS,. The prepared O-MoS,/rGO catalysts showed an exceptional small
Tafel slope of 40 mV/decade, a high current density of 20 mA/cm” at the overpotential of 200 mV and remarkable stability even

after 2000th continuous HER test in the acid media.
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1. INTRODUCTION

Electrochemical hydrogen evolution reaction (HER) is
considered as one of the most promising techniques to
combating global challenges of climate change and energy
crisis.' > Up to now, platinum (Pt) group metals are
considered as the most eficient electrochemical catalysts for
HER due to the exceptionally low overpotential near the
thermodynamic potential of HER.°"'® However, the high cost
and low abundance prohibit their potential utilization.
Tremendous efforts on developing alternative cost-effective
HER catalysts are not very successful, but recent progresses on
molybdenum disulfide (MoS,) are more encouraging.lé_25
Theoretically, MoS, has comparable catalytic activity to Pt and
has been regarded as an ideal catalyst for HER.”® The catalytic
activity of MoS, highly depends on its catalytically active
exposed edges.”'’ Many works have been conducted to
improve the edge ratio of MoS,, including the formation of
nanostructured and monolayered MoS, sheets by different
techniques (e.g, chemical vapor deposition,”” >’ hydro-
thermal,'?°™** wet chemical,®>® thermal decomposition,22
electrochemical deposition,”** and ball milling methods)."!
However, the extremely low electrical conductivity of MoS,
nanostructure, especially along the adjacent interlayers, which is
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about 2 orders of magnitude lower than that of vertically
stacked S—Mo—S planes,2’13 hampers the electron transfer for
highly efficient HER. Further improvement of the HER
performance of MoS, is challenging, but it is possible by
modulating the electronic structure via element doping® ™"’
and introducing highly conductive material (e.g, graphene,
carbon nanotubes, carbon cloth, and amorphous carbon) to
build hybrid structures and facilitate electron transfer process at
the interfaces.”'¥'>*' Recently, modulating the layer and
electronic structures of MoS, through doping at both atomic
and molecular levels has triggered intensive research interests.
For example, Merki et al. proposed a cation intercalating
strategy and obtained metal ions incorporated amorphous
MoS, films, which optimized the catalytic activity by additional
S edge sites.”” Bao and his co-workers enhanced the H
adsorption ability of in-plane S atoms by a single-atom metal
doping into MoS, nanosheets.”® The strategies by introducing
anions into the adjacent layers of MoS, or substituting the S
atoms also lead to the improved intrinsic conductivity and
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accelerated proton adsorption. Thereinto, oxygen incorporation
is considered as an effective route to facilitating the HER
performance by engineerin§ the surface disorder of MoS, with
additional active sites.”*'*" However, the exact origin of the
incorporated oxygen from chemical precursors®*’ or oxygen-
containing groups (e.g, graphene oxide/GO)'* and the
associated incorporation process are still controversial and
inconclusive.

Herein, we demonstrated a one-step, solvent-assisted hydro-
thermal technique to easy fabricate three-dimensional (3D),
vertically aligned and oxygen-incorporated MoS, nanosheets
anchored on reduced GO (O-MoS,/rGO). We showed how
this preparation, O-incorporation and introduction of rGO
effectively improved the HER performance of MoS, catalysts.
As shown in Scheme 1, freeze-dried GO power and

Scheme 1. Diagram Shows the Growth of Vertically Aligned
0-MoS,/rGO Catalysts

Pristine MoS,

®© CO®NOMoOS OH @ Ofrom DMF @ O from GO

A% GO sheet >{’“ MoS > a}{: DMF

(NH,),MoS, precursor was dispersed in the solvent N,N-
dimethylformamide (DMF). The (NH,),MoS, precursor was
first anchored on GO sheet driven by the formation of C=S§/
C-S, giving crystal seeds for MoS, nucleation.”’ Mo(VI) was
reduced to Mo(IV) by DMF (GO was also reduced to rGO to
certain extent) to form MoS, nanosheets which further
assembled into 3D nanoflowers to minimize the total surface
energy. Besides, DMF also served as oxygen donor, introducing
the O element into MoS, structure with enlarged interlayer
space (~0.93 nm) which restored to 0.67 nm upon annealing at
500 °C due to the removal of the O dopant. Additionally, DMF
was found to adjust and engineer disorder degree of O-MoS, by
simply changing the amount of DMF in the reaction system.
With the increased exposed vertical edge ratio, effective active
surface area (EASA) and improved electron transport of MoS,,
remarkable stable HER performance (negligible loss even after
continuous 2000 cycles) with a high current density of 20 mA/
cm® (at 200 mV versus reversible hydrogen electrode, RHE)
and small Tafel slope (40 mV/decade) were achieved.

2. EXPERIMENTAL SECTION

2.1. Preparation and Structure Modulation of Verti-
cally Aligned O-MoS,/rGO Catalysts in the DMF Solvent.
GO was prepared by a modified Hummers’ method*” and dried
in a freeze-dryer for 48 h. The O-MoS,/rGO catalysts were
synthesized through the one-step solvent-assisted hydrothermal

method. Briefly, 10 mg of the as-prepared freeze-dried GO
power was dispersed in 10 mL DMF. The mixture was then
sonicated at room temperature for approximately 15 min to
obtain a clear and homogeneous solution. After that, 20 mg of
(NH,),MoS, was added to the suspension, followed by
sonicating for another 15 min until the scarlet solution was
achieved. The reaction solution was then transferred to a 25 mL
Teflon-lined autoclave and kept in an oven at 190 °C for 15 h.
The obtained black product was collected by centrifugation at
8000 rpm for 8 min with ethanol and deionized water for
several times to remove any impurities. Finally, the product was
lyophilized overnight. The O-MoS, catalysts without the
addition of GO power were also prepared using the above-
procedure. For the thermostability investigation, the O-MoS,/
rGO catalysts were annealed at 500 or 800 °C for 2 h in argon
atmosphere at a heating rate of 5 °C/min and cooled naturally.

In order to probe into the effect of DMF amount on the
oxygen incorporation, morphology and crystal structure of O-
MoS,/rGO, a mixed solvent (10 mL in deionized water)
containing different amounts of DMF (2 mL, 25 uL, 0.2 uL,
and 0 uL) was also used in the hydrothermal reaction.

2.2, Preparation of Pristine, Undoped MoS,/rGO
Catalysts in Pure Deionized Water. In order to explore
the oxygen incorporation mechanism, the solvent used in the
reaction was changed to pure deionized water. Briefly, 10 mg
freeze-dried GO power was dispersed in 10 mL deionized
water, mixed with 20 mg of (NH,),MoS, and SO uL of
reductant (hydrazine hydrate, N,H,) under sonication. The
mixture was then transferred to a 25 mL Teflon-lined autoclave
and kept in an oven at 190 °C for 1S h. The black product was
collected and lyophilized overnight for use.

2.3. Preparation of Mechanical Mixture of O-MoS,
and rGO. In order to investigate the synergistic effect between
MoS, and rGO, pure rGO was prepared by a similar procedure
except for the adding of (NH,),MoS, precursors. The
mechanical mixture of O-MoS, and rGO with a mass ratio of
7:3 (which was obtained from the results of thermal gravimetric
analysis (TGA) of O-MoS,/rGO) was prepared by mechanical
ultrasonic treatment for 1 h.

2.4. Characterization. The morphologies and structures of
catalysts were recorded on a Field emission scanning electron
microscope (FESEM, Hitachi S4800) and a Transmission
electron microscopy (TEM, Hitachi H-7650) equipped with an
energy-dispersive X-ray spectroscopy (EDS) at an operating
voltage of 200 kV. High-resolution TEM (HRTEM) images
were observed at an operating voltage of 300 kV. The
crystalline structures of catalysts were obtained on a X-ray
diffractometer (Bruker AXS D8) using the Cu Ka radiation (4 =
0.15418 nm) with the 26 scan from 5° to 80° at a step of 0.02°.
The X-ray photoelectron spectroscopy (XPS) was collected by
a KRATOS AXIS ULTRA-DLD with the binding energy
calibrated by C 1s as reference energy (C ls = 284.6 eV).
Raman spectra were recorded on a Thermo Fisher DXR Raman
spectrometer using a He—Ne laser (4 = 632.8 nm). The
electrical conductivity of catalyst films were measured using a
standard four-point-probe system by a Keithley 2400 instru-
ment. The TGA was conducted on a TA Q500 Instrument
under flowing air at a heating rate of 10 °C min™".

All electrochemical measurements were conducted on a CHI
660D electrochemical workstation (Shanghai Chenhua Instru-
ment Co., China) in a three-electrode cell at room temperature.
A glassy carbon electrode (GCE with the diameter of 3 mm)
was used as the working electrode. A saturated calomel
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Figure 1. (a) SEM, (b) TEM, and (c) HRTEM images of 3D, vertically aligned O-MoS, nanosheets (no addition of GO). (d) SEM, (e) TEM, and
(f) HRTEM images of O-MoS, nanosheets anchored on rGO. The inset in (d) is the low-resolution SEM image. The inset in (f) is the SAED

pattern.
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Figure 2. (a) XRD pattern and (b)-(c) Raman shift of vertically aligned O-MoS,/rGO hybrid and pure O-MoS,.

electrode (SCE) and a graphite rod were used as the reference
electrode and counter electrode, respectively. For electrode
preparation, 3 mg of the catalyst power and 120 uL Nafion
solution (S wt %) were dispersed in a 1.5 mL water—ethanol
solution with volume ratio of (3:1) and sonicated for 0.5 h to
form a homogeneous ink. Then 5 pL of the suspension
(containing 9.25 pg of catalyst) was drop-casted onto the GCE
surface (loading ca. 0.13 mg-cm™2). Linear sweep voltammetry
(LSV) measurement with a scan rate of S mV/s was conducted
ina 0.5 M H,SO, (purged in pure N, for 30 min before activity
test). The electrochemical stability of the catalyst was evaluated
by cycling the electrode for 2000 times with each cycle started
at +0.10 V and ended at —0.3 V with a scan rate of 100 mV/s.
AC electrochemical impedance spectroscopy (EIS) measure-
ments were carried out in the same configuration at an
overpotential of 0.165 V and a frequency range from 10° Hz to
0.1 Hz with an AC voltage of 5 mV. Double-layer capacitance
(Cq) and turnover frequency (TOF) were calculated according
to the methods reported previously.”'® All the potentials were
calibrated to RHE according to the previous literature.'” The
potential transfer from SCE to RHE was obtained according to
the following equation: E(RHE) = E(SCE) + 0.267 V (Figure
S1). Current density referring to the geometric surface area of
the GCE was used.

3. RESULTS AND DISCUSSION

3.1. Microstructure of O-MoS, and O-MoS,/rGO
Catalysts. The formation of 2H-MoS, (both with and without
addition of GO) was initially confirmed by our character-
izations. The formed O-MoS, (no GO added) is 3D flower-like
with a size around 100—200 nm (Figure la). No obvious
morphology changes of the O-MoS, upon the addition of GO
(Figure 1d), but O-MoS, are uniformly decorated on rGO
sheets (inset in Figure 1d). These nanoflowers are composed
by self-assembled ultrathin MoS, nanosheets with intercon-
nected ripples and corrugations (Figure 1b and e). The
HRTEM images of typical nanoflowers suggest a building
structure of O-MoS, thin as <10 layers with crystal dislocations
and defects (Figure 1c and f). The O-MoS, prepared with this
route has interlayer spaces around 0.9 nm which is evidently
larger than that of pure 2H-MoS, (~0.61 nm). The selected
area electron diffraction (SAED) pattern (inset in Figure 1f)
indicates that the as-prepared sample is a pure hexagonal phase
with inhomo§eneous crystal grain sizes due to the relative low
crystallinity.'** The enlargement of the interlayer distance of
O-MoS, sheets is further confirmed by the XRD pattern (002
diffraction peak shifts to 9.1°, Figure 2a) when compared to
bulk MoS, (2H-MoS,, JCPDS 37-1492) with the 002
diffraction peak located at 14.2°.%'**>** The broad peak at
approximating to 23.9° suggests the formation of stacked rGO
nanosheets and the successful reduction from GO to rGO after
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Figure 3. XPS spectra of vertically aligned O-MoS,/rGO hybrid: (a) C 1s, (b) Mo 3d, (c) S 2p, and (d) O 1s.

Figure 4. (a) TEM, (b) high-annular dark-field scanning TEM image (HAADF-STEM) and corresponding element mapping images of O-MoS,/
rGO hybrid, indicating the homogeneous distribution of C, Mo, S, and O.

hydrothermal process (Figure $2a).* The Raman spectrum in
Figure 2b reveals two dominant peaks located at 373 and 403
cm™! which could be assigned to the characteristic peaks of in-
plane E1 and out-of-plane A, along the c-axis vibrational
modes of hexagonal MoS, (Mo—S bonds)."® The peak intensity
related to A, vibrational mode is about three times larger than
that related to E' 2 one. Additionally, the wide peak related to
E' 2 Vibrational mode is responsible for the poor crystallization
and rich defects along the 002 crystal planes, as seen in Figure
Ic and f Previous studies confirmed that the frequency
difference between the two peaks presented the number
variation of (002) crystal-plane layers along the c-axis of MoS,
nanosheets.”””” Our results show that the differences between
the two dominant peaks are 30 and 26 cm™ for O-MoS, and
0-MoS,/rGO, respectively. This could be attributed to the fact
that the GO can effectively prevent MoS, nanosheets from
stacking during the hydrothermal process.”>*® The peaks at 281
and 340 cm™! can be identified as the B, and B, vibrational
modes (Mo—O bonds), conﬁrmlng the successful oxygen
incorporation in the MoS,.° The characteristic peaks at 1342
and 1582 cm™ for rGO in Figure 2c can be ascribed to D band
(represents edges, disordered carbon and defects) and G band

25213

(corresponds to vibration of ordered sp*hybrided carbon).*’
The intensity ratios for I,/I; are 1.40 and 0.97 (Figure S2b) for
rGO and GO, respectlvely, suggesting the partially destroyed
delocalized 7 conjugation™ during the hydrothermal process
and the successful reduction from GO to rGO.

XPS was used to illustrate the atomic valence states of
elements in the hybrids. Figure 3 shows the XPS core-level
spectra of the prepared O-MoS,/rGO, giving peaks of C, Mo,
S, and O (corresponding to EDS mapping during TEM
characterization in Figure 4) and the atomic percentages (e.g.,
C = 58.12, O = 13.11, Mo = 8.54, and S = 20.23 at. %). In
compare with the XPS results of pure rGO (C = 83.82 and O =
16.18 at. %) and O-MoS, (O = 6.30, Mo = 27.65 and S = 66.05
at. %), we suggest the ratio of Mo/S/O in O-MoS, is about 1/
2.4/0.23 (e.g, Og23-MoS, 4 or Og,3-MoS,,/rGO). This excess
sulfur atoms might be regarded as uncoordinated sulfur atoms
with negative charges, which could facilitate proton adsorption
and conversion into H,.**** The chemlcal reduction of GO by
DMF has been well recognized.”” In compare with the XPS
result of GO (Figure S2c), the O-related signal in the C 1s of
1GO (eg, C-0O, C=0, and O—C=O0 groups) is highly
decreased (Figure 3a), suggesting that GO has been reduced to
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Figure S. (a)—(d) SEM images and (e)—(h) corresponding TEM images of MoS,/rGO catalysts synthesized with various amounts of DMF in the
mixed solvent (10 mL): (ae) 2 mL, (b,f) 25 uL, (c,g) 0.2 uL, (dh) O uL, respectively.
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Figure 6. (a) Polarization curves and durability tests for various MoS,/rGO catalysts in a 0.5 M H,SO, solution at a scan rate of 100 mV/s in the
potential range from —0.3 to 0.1 V. (b) Corresponding Tafel slopes of various MoS,/rGO catalysts in a N,-saturated 0.5 M H,SO, solution at a scan
rate of S mV/s. (c) AC impedance spectra of various MoS,/rGO catalysts in a 0.5 M H,SO, solution with the frequency range from 10° to 0.1 Hz

and an amplitude of 5.0 mV. The inset is the equivalent model of system.

certain extent. We further performed this reduction reaction
without the addition of (NH,),MoS, precursor as control (the
O doping of MoS, from GO is not the case), and the XPS
result suggested that the DMF acted as a reducing agent to
reduce GO in above reactions (Figure S2c). This is in
agreement with the results of XRD and Raman measurements
for pure rGO (Figure S2a and b). XPS analysis of the sample
also suggests that the prepared MoS, (both the Mo and S) for
0O-MoS,/rGO are slightly oxidized, giving oxidized Mo 3d and
S 2p peaks at around 235.6 and 168.7 eV,'® respectively, except
the observation of typical binding energies of 2H-MoS, (231.7
(Mo 3d3/2), 228.5 (Mo 3d1/2), 162.6 (S 2p1/2), and 161.8
eV (S 2p3/2) in Figure 3b and c).*' These oxidization states
are considered to responsible for the enlargement of the
interlayer distance of thin MoS, sheets, and occurred even
without the existence of GO (Figure S3a and b). The peaks at
163.8 + 0.1 eV and 164.8 & 0.1 eV reflect the bridging SZZ_
ligand or the aspical S*~ one, which steps from the unsaturated
(uncoordinated) S atoms.'”** The peak related to S* (168.7
eV) might be attributed to the existence of sulfate groups.'®
The peak located at 531.5 &+ 0.1 eV in the O 1s core-level
spectrum (Figure 3d) could be assigned to the incorporation of
oxygen into MoS,,”'**" leading to the expansion of layer
distance,” which is in good accordance with the observation
shown in Figure 1f. Moreover, almost same chemical states for
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Mo, S, and O elements are observed in O-MoS, (Figure S3),
indicating that the oxygen incorporation process indeed
happens even without the existence of GO.

3.2. Effect of Addition Amounts of DMF on Crystal
Structure of O-MoS, Catalysts. To better explore the origin
of incorporated oxygen in the O-MoS,/rGO hybrids, control-
lable experiments were designed. With the gradient decrease of
DMF from initial 10 mL (for O-MoS,/rGO preparation) to 25
uL in the mixed solvent (10 mL), the vertically aligned flower-
like morphology vanishes, while the distance of 002 crystal
planes still remains 0.92 nm (Figure Sa and b, e and f). Further
decrease of DMF down to 0.2 and 0 uL, disordered and
discontinuous MoS, nanosheets with the interlayer distances of
0.67 nm (Figure Sc and g) and even amorphous structure
(Figure Sd and h) could be obtained due to the lack of
reduction agent.

We synthesized O-MoS, catalysts with same procedure of O-
MoS,/rGO but without adding GO power. The XRD (Figure
2a), Raman (Figure 2b), and XPS measurement (Figure S3) of
this O-MoS, are nearly the same to the above O-MoS,/rGO
(Figure 2a, Figure 2b, and Figure 3; MoS, was oxidized with
similar extent in both cases with and without addition of GO),
suggesting that the oxidization of MoS, is mainly due to the
DMEF. Moreover, we further replaced DMF solvent with pure
deionized water to prepare MoS,/rGO (with the addition of 50
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uL N,H, as reduction agent), and the interlayer space of the
resultant MoS, restored to ~0.67 nm (Figure S4c) with a
related XRD peak at 13.8° (Figure S4d). Our above
investigations have suggested that the interlayer spaces of
MoS, should be enlarged with the oxidization (Figure lc and
Figure 1f). All these information suggest that the O dopants of
MoS, (in O-MoS,/rGO) are mainly from DMF, and that from
GO or oxygen-containing precursors are likely few, which is
different from previous reports.'**" Inspired by the above
experiment results, we assume the role of DMF solvent in the
0O-MoS,/rGO synthesis process as following. DMF first served
as the reduction agent to produce MoS, nanosheets, then
additional DMF worked as oxygen donor for oxygen-atom
incorporating into the MoS, nanosheets. Furthermore, the
incorporated oxygen was easily removed from the MoS,
structures after annealing at 500 or 800 °C. The flower-like
morphology of MoS, remains (Figure SSa and b, d and e) but
the interlayer distance decreases to 0.67 nm (Figure S5¢) or
0.65 nm (Figure SSf) after heat treatment. This is reasonable as
the successful removal of incorporated oxygen during heat
treatment,”’ resulting in the decrease of distance of 002 crgstal
planes and the improvement of crystalline quality,*'” as
deduced from the narrower peak related to ElZg vibrational
mode and redshift of diffraction peaks assigned to the (002)
crystal plane of MoS, (Figure S6).

3.3. Electrochemical Behaviors of O-MoS,/rGO Cata-
lysts. The electrochemical performances of various catalysts
were investigated in a Nj-saturated 0.5 M H,SO, solution by
using a three-electrode setup. As shown in Figure 6a, with same
amount (0.13 mg-cm™?) catalyst immobilized on GCE, the O-
MoS,/rGO hybrid has the smallest onset overpotential (~100
mV vs RHE obtained at 0.1 mA/cm?) compared to O-MoS,
and other MoS,/rGO hybrids (also see Table S1). This
overpotential is much smaller than that of defect-rich MoS,
ultrathin nanosheets (onset overpotential 120 mV) and many
other MoS, based catalysts (Figure S$7)."*~®*"3%51757 we
achieved a current density of 20 mA/cm? (at 200 mV vs RHE),
which is 13.2 times larger than that without GO and 16.4 times
larger than that of pristine MoS,/rGO catalyst. Tafel slope of
the O-MoS,/rGO is shown in Figure 6b, suggesting a highly
efficient catalytic performance with a small slope around 40
mV/decade (lower than many reported MoS,-based catalysts in
Figure §7),"*7%*"3%51757 and the Volmer-Heyovsky mecha-
nism associated with electrochemical desorption step as the
rate-limiting step.”>' The durability test for O-MoS,/rGO
catalyst indicates that only 1.3% loss in the current density even
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after continuous 2000 cycles (Figure 6a), without any clear
morphology and element constituent changes (Figure S8).
Such excellent HER performance of O-MoS,/rGO catalysts
could be rationalized as follows: (i) the incorporated oxygen
from DMF solvent improves the intrinsic conductivity (the
resistivities of O-MoS,/rGO, pristine MoS,/rGO, and annealed
0O-MoS,/rGO catalyst films spin-coated on SiO,/Si substrates
obtained by four-point-probe system are 3.3 X 107> Q-cm, 0.25
Q-cm, and 0.12 Q-cm, respectively), promoting fast mobility of
the electron along the MoS, nanosheets;”*’ (i) oxygen
incorporation increases the defect and vertical edge ratio,
giving more exposed Mo and S edges to participate catalytic
process;” (iii) in situ synthesis of O-MoS,/rGO through
hydrothermal method results in the pronounced synergetic
effect between MoS, nanosheets and rGO with better
mechanical adhesion and stability (see Supporting Information
on the electrochemical behavior of mechanical mixture of O-
MoS, and rGO in Figure S9). The addition of DMF promotes
the reduction of GO, which may also increase the catalytic
performance. The decisive influence of oxygen incorporation
on the HER catalytic activity is further confirmed by annealing
the O-MoS,/rGO hybrids at 500 °C (Figure 6a and b). Upon
the annealing of the catalyst, the incorporated oxygen gradually
losses, associated with the interlayer space of MoS, sheets (0.93
nm) restoring to that of pure 2H-MoS, (~0.67 nm) (Figure
SSc). The microstructure of annealed sample is different to that
of pristine MoS,/rGO. Compared with the pristine MoS,/rGO,
the annealed O-MoS,/rGO has more MoS, layers with less
crystal dislocations and defects (Figure S4c and Figure SSc).
The Raman and XRD data (Figure S6a and b) also suggest that
the crystallization of MoS, is improved by the annealing. Since
HER of MoS, is highly depend on the edge ratio, exposed
defect site on the basal plane, and electron hopping efficiency
(electrical conductivity can be largely reduced with each
addition of layer),"® the annealing increases the crystallization,
in turn, reduces the number of catalytically active sites and
electrical conductivity. This makes the HER performances
between the annealed sample and pristine MoS,/rGO are so
significantly different. We also performed the EIS of the
catalysts at the overpotential of 165 mV to explore the kinetics
during the HER process. The O-MoS,/rGO catalyst shows the
smallest R, about 3 €, which increases upon the annealing, or
without rGO support (Figure 6¢), and evidently confirms that
both oxygen incorporation and rGO hybrid structure increase
charge transfer of the catalyst for HER.
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Furthermore, the electrochemical area is regarded as another
effective way to estimate the catalytic activity of material.”®’
The double layer capacitance (Cy) which characterizes effective
active surface area (EASA) and rich exposed active sites' > are
also calculated according to the cyclic voltammetry measure-
ment (Figure S10 for more information). From the relations of
difference between anodic and cathodic currents at 0.15 V (vs
RHE) (Jy15 = J,-J.) with various scan rates from S to S0 mV/s
(Figure 7a), the O-MoS,/rGO catalyst exhibits the largest
slopes (Cgq = 5.98 mF/cm?) than other MoS,/rGO catalysts
(Table S1), and this value is rather competitive considering the
low mass loading when compared to previously reported MoS,-
based catalysts (Figure S7).””"°* We then further compared
the Turnover frequency (TOF) of different catalysts, which is
an effective way to determine the active sites of the catalyst'”'®
(Figure S11 for more information). The calculated TOF for O-
MoS,/rGO catalyst is 1.74, 5.15, and 7.37 s' at the
overpotential of 220, 300, and 350 mV, respectively, which is
much higher than those of our prepared O-MoS, (3.24 s™" at 57
= 300 mV) and pristine MoS,/rGO (1.47 s at # = 300 mV)
catalysts (Table S1) and those of MoS,-based catalysts, such as
defect-rich ultrathin MoS, nanosheets” (0.70 s' at 7 = 300
mV), amorphous Mo$, films (0.80 s™' at # = 220 mV)*" and
3D MoS, nanospheres (0.89 s~ at 7 = 350 mV).”’ Although
pristine MoS,/rGO has lower TOF than O-MoS,, it exhibits
better catalytic ability (Figure 6) due to the various exposed
vertically aligned edges. The TOF only represents the catalytic
ability of each active site. It is reasonable to find that the TOF
of O-MoS, is higher than pristine MoS,/rGO due to the O-
related defect level. Nevertheless, catalytic performance of
MoS, is also affected by the number of active site, and the
electrical conductivity between catalyst and electrode. The
vertically aligned MoS, on rGO has much more exposed active
sites for HER, and the rGO bonds the electrode to provide
better electrical transport between catalyst and electrode, which
offers the MoS,/rGO with better overall catalytic performance.

4. CONCLUSIONS

In conclusion, we have demonstrated a facile way to fabricate
vertically aligned O-MoS,/rGO (O-incorporated MoS, anch-
ored on rGO sheet) catalyst with expanded layer distance of
002 crystal planes. Controlled synthesis has been designed to
explore the mechanism of oxygen incorporation. We found that
DMF first served as the reducing agent and then acted as
oxygen-element donor to enlarge the layer-to-layer distance of
MoS, nanosheets. The as-prepared O-MoS,/rGO catalyst
exhibited excellent HER activity with a small onset over-
potential of 100 mV, a large current density of 20 mA/cm? at
200 mV, a small Tafel slope as low as 40 mV/decade, and
superior stability even after 2000 continuous scans. What is
more astonishing is that the dominant Turnover frequency
(5.15 s™" at 300 mV) and high double layer capacitance (5.98
mF/cm?) can be obtained considering the low mass loading
when compared to previously reported MoS,-based catalysts.
Such highly efficient HER could be attributed to not only the
enhanced intrinsic conductivity and vertical edge ratio of MoS,
with oxygen incorporation, but also the superior stability and
accelerated charge transfer process due to the synergetic effect
between MoS, and rGO. This research proposes a new
perspective to open a new strategy to synthesize other
transition metal sulfides with excellent HER performance.
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