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a b s t r a c t

Three-dimensional (3D) porous molybdenum disulfide/nitrogen-doped reduced graphene oxide (MoS2/
N-rGO) hydrogels were fabricated through a facile and controllable one-pot hydrothermal method. The
nanosized MoS2 ultrathin nanosheets were uniformly and vertically dispersed on the rGO framework
after nitrogen incorporation. The incorporated nitrogen in rGO played a key role for nano-scaling of MoS2
due to the protonation at pyridinic N-doping sites on carbon surface. The vertically aligned edge of
nanosized MoS2 sheets, nitrogen incorporation of rGO and 3D network structure made the MoS2/N-rGO
highly efficient for hydrogen evolution reaction, with improved double-layer capacitance and turnover
frequency, small onset overpotential of 119 mV, low Tafel slope of 36 mV$decade�1 and superior long-
time catalytic stability.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Electrochemical hydrogen evolution reaction (HER) is consid-
ered as one of the most promising techniques for developing clean
and renewable energy resources [1e4]. Noble metals electro-
catalysts based on platinum are hailed as the most efficient elec-
trochemical catalysts for HER due to the exceptionally minimal
overpotential closed to the thermodynamic potential for HER
[5e8]. However, the high cost and low abundance prohibit their
potential utilization of commercialization.

Great efforts in developing alternative abundant and cheap
HER catalysts are focused on transition metal sulfides, especially
the molybdenum disulfide (MoS2) [2,9e11]. Theoretically, MoS2
has comparable catalytic activity to Pt for HER due to its relatively
low adsorption free energy for proton [12,13]. Nevertheless, the
layer stacking induced by the Van der Waals force between
ics Materials and Devices,
a.
individual layers limits its catalytic activity and further application
in HER, since the catalytic activity of MoS2 highly depends on the
active exposed edges and electrical hopping between layers
[14,15]. It is reported that vertically aligned nanosized MoS2 with
more exposed active edge sites and higher specific surface
exhibited higher electrocatalytic activities than bulk MoS2
[2,16e22]. Hence, one effective strategy to improve the edge ratio
of MoS2 is to construct vertically aligned morphology. Massive
efforts have been committed to this purpose. For example, Cui's
group [17] prepared MoS2 thin films with vertically aligned to
maximally expose the edges grown on flat substrates by chemical
vapor deposition method and favor the HER performances. Li et al.
[21] synthesized vertically standing MoS2 nanosheets via a similar
procedure, gave improved exchange current density in compare
with bulk MoS2. However, the extremely low electrical conduc-
tivity of MoS2 nanostructure, especially along the adjacent in-
terlayers hampers the electron transfer for highly efficient HER.
Further improvement of the HER performance of MoS2 is possible
by introducing highly conductive substrate material such as
nanoporous carbon [23], carbon nanotube (CNT) [24e26], nano-
porous metal [27] or graphene [28e31] to facilitate electron
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transfer process at the interfaces. Recently, three-dimensional (3D)
conductive graphene networks, a framework of interconnected
graphene sheets, has been considered as an effective substrate for
loading and confining MoS2 for HER performance improvement
due to its prominent properties including large specific surface
area, strong mechanical strength, remarkable electronic conduc-
tivity and fast mass and electron transport kinetics [32e36].
Moreover, heteroatom doping has become a promising approach
to further improve properties of carbon material for various ap-
plications, such as supercapacitors, Li-ion batteries, oxygen
reduction reaction and electrocatalysis [24,37e39]. For example, Li
et al. [24] reported a hybrid of N-doped CNT and amorphous MoSx,
which demonstrated enhanced HER activity due to the synergistic
effect from the dense catalytic sites at amorphous MoSx surface
and fluent charge transport along N-doped CNT surface. The N-
doping could also effectively modulate the electronegativity of
graphite carbon by offering excessive valence electrons to
graphitic plane, maintaining high electroconductivity of composite
materials as well as catalyst durability [40e42]. However, the
study of N-doping effect on morphology and HER catalytic per-
formance of MoS2 sheets dispersed on 3D rGO frameworks is
barely reported.

Herein, we demonstrated a one-step, solvent-assisted hydro-
thermal technique to easy fabricate vertically aligned MoS2 ultra-
thin nanosheets decorated on 3D porous nitrogen-doped reduced
graphene oxide (MoS2/N-rGO) hydrogels. We explored how nitro-
gen doping, nitrogen content and reaction solvent affected the
morphology and HER performance of MoS2/N-rGO hydrogels. More
important, we found that nitrogen incorporation in rGO played a
key role for the nano-scaling of MoS2 vertically dispersed on rGO
due to the protonation at pyridinic N-doping sites on carbon sur-
faces. The vertically aligned edges of nanosized MoS2 ultrathin
nanosheets, nitrogen incorporation of rGO with high conductivity
and 3D network structure of hydrogels favored the MoS2/N-rGO
catalysts to be efficient HER catalyst, with a small onset over-
potential of 119 mV, a low Tafel slope of 36 mV$decade�1 and su-
perior long-time catalytic stability.

2. Experimental

2.1. Materials and regents

Graphite and ammonium tetrathiomolybdate ((NH4)2MoS4)
were obtained from Alfa Aesar. Potassium permanganate (KMnO4),
sulfuric acid (H2SO4, 98%), sodium hydroxide (NaOH) and sodium
nitrate (NaNO3) were purchased from Sinopharm Chemical Reagent
Co. Ltd. N,N-dimethylformamide (DMF) and ammonium hydroxide
solution (NH3$H2O) were obtained from Shanghai Chemical Re-
agent Company. Deionized (D.I.) water was obtained fromMillipore
Milli-Q purification system (18.2MU$cm). All reagents were of
analytical grade and used without further purification.

2.2. Synthesis of 3D MoS2/N-rGO hydrogels

The 3D MoS2/N-rGO hybrid hydrogels were prepared by a
simple one-step hydrothermal process. Graphene oxide (GO) was
prepared by a modified Hummers' method [43]. Briefly, 60 mg of
(NH4)2MoS4, 13 mL of mixed solvent of DMF and D.I. water (vol-
ume ratio of 2:1), 1.5 mL of GO aqueous (15.5 mg$mL�1) and
0.5 mL NH3$H2O were adequately mixed to form a homogeneous
solution under sonication. The reaction solution was transferred to
a 25 mL Teflon-lined autoclave and kept in an oven at 200 �C for
8 h. The autoclave was cooled down to room temperature natu-
rally and the resulting products was washed and filtrated with
ethanol and D.I. water until the pH of the solution close 7 and
freeze-dried overnight. In order to explore the effect of NH3$H2O
amount on the morphology and catalytic performance of MoS2/N-
rGO hydrogel, the amount of NH3$H2O in the suspension was
changed from 0.25 mL to 3 mL with the corresponding samples
named as MoS2/N-rGO0.25, MoS2/N-rGO0.5, MoS2/N-rGO0.75, MoS2/
N-rGO1, MoS2/N-rGO2 and MoS2/N-rGO3, respectively. The MoS2/
rGO hydrogel prepared without the NH3$H2O addition was syn-
thesized via the same hydrothermal method as comparison. To
explore the influence of pH on the morphology of MoS2/N-rGO
hydrogels, NH3$H2O was replaced by different amounts of NaOH
(0.5 mol) with the adjustment of the same pH value to NH3$H2O-
including system under the same conditions. The effect of solvent
for the morphology and catalytic performance of MoS2/N-rGO
hydrogels were also investigated by replacing the mixed solvent of
DMF and D.I. water by pure D.I. water or DMF in the reaction
process. In addition, pristine MoS2 nanosheets and N-rGO hydro-
gel (0.5 mL NH3$H2O used in the suspension) were synthesized
under the same conditions without the addition of GO and
(NH4)2MoS4, respectively.

2.3. Characterization

The morphology and structure of MoS2/N-rGO hydrogels were
observed by 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 spec-
troscopy (EDS) at an acceleration voltage of 200 kV. High-resolution
TEM (HRTEM) images were obtained at an operating voltage of
300 kV. X-ray diffraction (XRD) measurements were performed on
an X-ray diffractometer (Bruker AXS D8) using the Cu Ka radiation
(l ¼ 0.15418 nm) with the 2q scan from 5� to 80� at a step of 0.02�.
Raman spectra were recorded on a Thermo Fisher DXR Raman
spectrometer with a HeeNe laser (l¼ 632.8 nm). Fourier transform
infrared (FTIR) spectroscopy was obtained on a Nicolet Avatar 370
spectrometer. The thermal gravimetric analysis (TGA) was con-
ducted on a TA Q500 Instrument under flowing air at a heating rate
of 10 �C min�1. X-ray photoelectron spectroscopy (XPS) was
collected by an X-ray photoemission spectrometer (KRATOS AXIS
ULTRA-DLD).

For electrode preparation, 2 mg of a given catalyst sample and
80 mL Nafion solution (5 wt%) were dispersed in 1mLwater-ethanol
solution (volume ratio of 3:1) and sonicated for 30 min to form a
homogeneous ink. Then 5 mL portion of the resulting solution was
drop-cast onto the glass carbon electrode (GCE) with 3 mm in
diameter (loading ~0.14 mg$cm�2) and dried in the room temper-
ature. Linear sweep voltammetry (LSV) measurement was con-
ducted in a nitrogen purged 0.5MH2SO4 solutionwith the scan rate
of 5 mV$s�1. The stability tests of catalyst were obtained at a sweep
rate of 100 mV$s�1 for 2000 cycles with each cycle started
at þ0.10 V and ended at �0.4 V. Electrochemical impedance spec-
troscopy (EIS) was carried out in the same configuration at
h ¼ 170 mV from 106 to 0.01 Hz with an amplitude of 5 mV. All
electrochemical measurements were performed on a CHI 660D
electrochemical work station (Shanghai Chenhua Instrument Co.,
China) with a standard three-electrode cell at room temperature. A
GCE was used as the working electrode, a saturated calomel elec-
trode (SCE) and a graphite rod were used as the reference electrode
and counter electrode, respectively. The turnover frequency (TOF)
and double-layer capacitance (Cdl) of catalysts were measured ac-
cording to the method reported by previous work [5,44]. The po-
tential transfer from SCE to reversible hydrogen electrode (RHE)
was E(RHE) ¼ E(SCE) þ 0.267 V. All the potentials reported in our
manuscript were calibrated to RHE. Current density referring to the
geometric surface area of the GCE was used. All data were pre-
sented with iR compensation.
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3. Results and discussion

3.1. Morphology and microstructure of MoS2/N-rGO hydrogels

Fig. 1 shows the morphologies of different MoS2/rGO hydrogels.
The pure MoS2 sample displays highly aggregated flower-like
morphology with a size around 200 nm (Fig. 1a and b). With the
addition of a certain amount of GO, the MoS2/rGO hydrogel is ob-
tained, showing a 3D porous framework constructed by inter-
connected lamellar nanosheets (Fig. 1c). The MoS2 nanosheets
covered in rGO layers present interconnected ripples with the
lateral size from hundreds of nanometers to several microns
(Fig. 1d). In order to clearly distinguish the MoS2 sheets from the
rGO wrinkles, the HRTEM image and corresponding element
mapping of MoS2/rGO hydrogel are shows in Fig. S1. It can be seen
that the interconnected MoS2 nanosheets are vertically aligned on
the rGO surface, which have 6e10 layers with the interlayer spacing
of 0.92 nm (larger than ~0.61 nm of pure 2HeMoS2) by statistically
analyzing from 20 TEM images (at least 40 lattice fringes of MoS2
nanosheets), and the Mo and S elements under the background of C
and O elements have an atomic ratio of 0.55 (e.g. MoS1.8/rGO).
When NH3$H2O was added in the reaction system, the pore
structure of MoS2/N-rGO hydrogel is more homogeneous with the
well-constructed pore size ranging from hundreds of nanometers
to micrometers (Fig. 1e). The porous scaffold structure would be
helpful for reducing transport limitation of the electrolyte and
accelerating the transfer of protons and electrons [33,36]. To our
surprise, the MoS2 nanosheets with the lateral size of dozens of
nanometers vertically adhered to the surface of N-rGO framework
(Fig. 1f), which have more exposed active sites. Moreover, the TEM
(Fig. 2a) and HRTEM (Fig. 2b) images show that the MoS2 nano-
sheets on N-rGO surface have 4e6 layers with the interlayer
spacing of 0.92 nm and abundant defects (Fig. 2b) by statistically
analyzing from 20 TEM images (at least 40 lattice fringes of MoS2
nanosheets). The elemental mapping images of the MoS2/N-rGO
during TEM characterization (Fig. 2c) suggest the uniform distri-
bution of C, N, Mo and S elements and give an atomic ratio of 0.55
(Mo:S, e.g. MoS1.8/rGO).

The XRD patterns of the as-preparedMoS2, MoS2/rGO andMoS2/
Fig. 1. Typical low- and high-magnification SEM images of (a
N-rGO composites are shown in Fig. 3(a). Pristine MoS2 exhibits
three characteristics peaks at about 2q ¼ 9.3, 32.2 and 56.5�, which
can be assigned to the (002), (100) and (110) crystal planes of
hexagonal MoS2 (2HeMoS2, JCPDS 37-1492), respectively. It is
remarkable that the characteristics peaks of (002) crystallographic
plane of the MoS2 shift to 9.3�, corresponding to the interlayer
spacing of about 0.92 nm. This could be derived from the disorder
engineering and oxygen incorporation of MoS2, as elaborately
discussed in our previous report [45]. The peak at 18.3� is also a
powerful evidence of enlarged interlayer spacing of MoS2, as pro-
posed by Xie et al. [4]. In addition, the (002) diffraction of rGO in N-
rGO, MoS2/rGO and MoS2/N-rGO hydrogels at about 24.5� exhibits
the interlayer distance about 0.34 nm, confirmed the successful
reduction of GO to rGO [46]. The slight difference of (002) diffrac-
tion of MoS2 between MoS2 and MoS2/rGO (or MoS2/N-rGO)
hydrogels could be the synergistic effect betweenMoS2 nanosheets
and rGO (or N-rGO) during hydrothermal process. The Raman
spectrum of MoS2 in Fig. 3(b) presents two characteristics peaks at
373 and 400 cm�1 for MoS2/N-rGO hybrids, belonging to in-plane
E2g1 and out-of-plane A1g along the c-axis vibrational modes of
2HeMoS2, respectively [2,44]. The difference between these two
dominant peaks (27 cm�1) is smaller when compared to MoS2/rGO
(29 cm�1) and pure MoS2 (31 cm�1), indicating that the N-doped
rGO sheets can more effectively hinder the layer stacking of MoS2
nanosheets along the C axis during the hydrothermal process than
rGO [13,30], as shown in Fig. 2b and Fig. S1b. The characteristic
peaks of rGO at 1327 and 1597 cm�1 (Fig. 3c) also reveal the D band
(represents edges, disordered carbon and defects) and G band
(corresponds to vibration of ordered sp2-hybridized carbon) [47]
with the relative intensity ratio ID/IG increasing from 0.97 for GO,
to 1.49 for MoS2/rGO and to 1.58 for MoS2/N-rGO, indicating more
disorderly stacked carbon sheets after the N-incorporation as well
as the successful reduction of GO to rGO [48]. The FTIR spectrum of
MoS2/N-rGO composite (Fig. S2) appears two NeH peaks at 1558
and 1469 cm�1 [49], which derived from the increase of nitrogen
functional groups on the surface of MoS2/N-rGO composites.

The XPSwas then carried out to investigate the composition and
chemical bonding states of the samples. Fig. 4(a) shows the XPS full
survey of N-rGO, MoS2/rGO and MoS2/N-rGO composites, which
,b) MoS2, (c,d) MoS2/rGO and (e,f) MoS2/N-rGO catalysts.



Fig. 2. (a) TEM and (b) HRTEM images of MoS2/N-rGO catalysts. (c) High-annular dark-field scanning TEM image (HAADF-STEM) and corresponding element mapping of C, N, S and
Mo. (A colour version of this figure can be viewed online.)

Fig. 3. (a) XRD pattern and (b)e(c) Raman shift of different MoS2-based catalysts. (A colour version of this figure can be viewed online.)
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reveals the presence of C, O, N, Mo and S elements in the MoS2/N-
rGO hybrid with the Mo/S atomic ratio of ~0.55, and is well
consistent with the stoichiometric ratio of MoS2 obtained from EDS
results. The high-resolution C1s core-level spectrum of MoS2/N-
rGO hybrid (Fig. 4b) has a strong peak of CeC/C]C species
(284.5 eV) and two relatively weak peaks of CeN (285.2 eV) and
CeO (286.6 eV), which verifies the reduction of GO and the suc-
cessful nitrogen doping in the 3D framework [50]. The Mo 3d
spectrum in Fig. 4(c) displays two characteristic peaks at 228.8 (Mo
3d5/2) and 232.2 eV (Mo 3d3/2), indicating the Mo (IV) oxidation
state for MoS2 [50]. The peak at 226.3 eV could be indexed as S2s
binding energy. The S2p spectrum (Fig. 4d) shows main doublet
located at binding energies of 162.8 and 161.6 eV, which are
attributed to the S2p1/2 and S2p3/2 orbitals, respectively. Mean-
while, the binding energy at 164.1eV suggests the existence of
bridging disulfides S22� and/or apical S2� ligands related to the high
HER activity [44]. The N1s spectrum in Fig. 4(e) can be deconvolved
into four peaks centered at 398.2, 395.1, 400 and 401.7 eV, which
are assigned to Mo3p, pyridinic N, pyrrolic N and graphitic N,
respectively [48,49]. Though the N 1s peak partially overlaps with
the strong Mo3p3/2 signal, it still clearly displays multiple-peaked
characteristic as shown in the N 1s spectrum of N-rGO without
MoS2 nanosheets (Fig. S3) [48]. Therefore, the N atoms are really
successfully doped into the 3D rGO hydrogel with the nitrogen
contents about 8.60 at.% for N-rGO (0.5 mL NH3$H2O used in the
suspension). Furthermore, by calculating the integral area of peak
in N 1s spectrum, we speculate that the pyridinic N may be the
main form of doped N in the rGO framework [24]. According to the
study of Kim et al., the protonation of lone-pair electrons will be
formed for pyridinic N-doping sites in the carbon materials [24]
[51]. With the continuous increasing of NH3$H2O amount in the
reaction system, the integral areas of CeN peak in C1s spectrum
and the pyridinic N peak in N1s spectrum are obviously enlarged,
indicating the increased protonation at pyridinic N-doping sites in
the composite. Additionally, the peak at 531.5 eV (CeO/OeCeN
bond) in the O 1s spectrum (Fig. 4f) also shows the information
related to doped N in the rGO.

To better explore the effect of nitrogen doping content on the



Fig. 4. XPS spectra of different MoS2-based hybrids: (a) full-scan spectra of N-rGO, MoS2/rGO and MoS2/N-rGO, (b)e(f) high-resolution core-level spectra of (b) C 1s, (c) Mo 3d, (d) S
2p, (e) N 1s and (f) O 1s for MoS2/N-rGO. (A colour version of this figure can be viewed online.)
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morphology of 3D MoS2/N-rGO hydrogel, reasonable experiments
were designed. We change the amount of NH3$H2O used in the
reaction from 0.25 mL to 3 mL, respectively. When 0.25 mL
NH3$H2O is added in the reaction system, ultrathin vertically
aligned MoS2 nanosheets with the average lateral size about 80 nm
are sparsely decorated on the N-rGO surface (Fig. 5a). Little change
Fig. 5. SEM images and EDS result of MoS2/N-rGO composites prepared with different NH3$H
(A colour version of this figure can be viewed online.)
in the size but obvious increase in the density and exposed edges of
MoS2-sheet clusters can be observed when 0.5 mL NH3$H2O is used
(Fig. 1f). Further increasing the NH3$H2O amount to 0.75 mL, the
increscent denseMoS2 sheets pack together (Fig. 5b) and ultimately
form interconnected ripples with the lateral size about
300e400 nmwhen 1-mL NH3$H2O added (Fig. 5c). When 2 mL and
2O addition amounts: (a) 0.25 mL, (b) 0.75 mL, (c) 1 mL, (d) 2 mL, (e) 3 mL and (f) 1 mL.
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3 mL NH3$H2O are used, no obvious nanosized MoS2 sheets can be
observed due to the formation of interconnected ripples (Fig. 5d
and e), indicating the existence of large amounts of MoS2 sheets.
The EDS results of different MoS2-based hybrids (Fig. 5f and
Table S1) indicate that the amounts of MoS2 in the composite in-
creases with the increasing NH3$H2O (from 0.25 mL to 3 mL) in the
reaction system, which is in agreement with the TGA results
(Fig. S4). Furthermore, to investigate the solution pH influence on
the morphology of MoS2/N-rGO hydrogels, NH3$H2O was replaced
by different amounts of NaOH (0.5 mol) with the adjustment of the
same pH value to NH3$H2O-including system under the same
conditions (the pH value is 10.3, 10.8, 11.2 and 11.4, respectively,
when 0.25, 0.5, 0.75 and 1 mL NH3$H2O is used). The MoS2/rGO
hydrogels obtained in the NaOH-containing system (Fig. S5) pre-
sent similar morphology to the one obtained in the non-NH3$H2O
system (Fig. 1c and d, the pH value is 6.8), and the morphology is
almost unchanged with the continuous increase of NaOH in the
reaction system, indicating that effects of pH (in the range from10.3
to 11.4) on the MoS2/rGO and MoS2/N-rGO hydrogels is negligible.
Our above investigations have suggested that the controllable
nanoscale engineering of vertically aligned MoS2 ultrathin nano-
sheets is carried out by the nitrogen doping of rGO hydrogel in the
NH3$H2O-including system.

Based on all these information (SEM, EDS, XPS and Raman re-
sults), we propose that the increased N-doping sites on carbon
surface played a key role for the formation of vertical aligned
nanosized MoS2. When the N element is incorporated into the
carbon framework, three kinds of N bonding including pyridinic N,
pyrrolic N and graphitic N might be formed. Among these, the
pyridinic N-doping sites have the lone-pair electrons, which are
easy to form the protonation according to the study of Kim et al.
[24]. The protonated doping sites could attract the thiomolybdate
anions (MoS42�) of the (NH4)2MoS4 precursor by the electrostatic
attraction and serve as the nucleation sites for MoS2 crystals, which
could further decrease the nucleation barrier of MoS2 and favor
their growth along with the (002) crystallographic plane, resulting
in nanosized MoS2 sheets with abundant exposed edges (when
compared to the ones anchored on undoped rGO surface), as shown
in Scheme 1. However, excess N incorporation would provide su-
perfluous nucleation sites for MoS2, causing the agglomeration and
reconnection of nanosized MoS2 sheets, which is in turn unfavor-
able for efficient HER performance (decreases the number of
Scheme 1. Diagram shows the growth of vertica
exposed edge site and electrical conductivity of MoS2/N-rGO, as
discussion in the following part).

3.2. Electrochemical properties of MoS2/N-rGO hydrogels

The HER performance of the samples were evaluated in a
0.5 M H2SO4 solution with a typical three-electrode system. As
show in Fig. 6(a), with same amount (0.14 mg cm�2) catalyst
immobilized on GCE, the N-rGO shows almost no HER activity
with a near horizontal line within the potential window. In
contrast, the 3D MoS2/N-rGO0.5 hydrogel presents a superior HER
activity with a small oneset potentials of 119 mV [obtained at a
current density (j) of 0.1 mA$cm�2] compared to many reported
MoS2/rGO hybrids (Table 1) [3,4,15,48]. Additionally, this hybrid
exhibits a high j of 10 mA$cm�2 at 188 mV and 50 mA$cm�2 at
239 mV, respectively. The potentials are much lower than those
achieved by MoS2/rGO (226 mV and 275 mV) and pure MoS2
(270 mV and 362 mV) at the same j. Tafel slop is the intrinsic
property of electrocatalyst, which is associated with the reaction
pathway and the adsorption type of H2 evolution, and can be
obtained by fitting the linear portions of the Tafel plots based on
Tafel equation to quantitatively analyze the kinetics of HER [6,52].
As shown in Fig. 6(b), the Tafel slop of MoS2/N-rGO0.5 hybrids is
36 mV$decade�1, which is lower than many reported MoS2-based
catalysts in Table 1 [2e4,15,25,48], indicating that the Volmer-
Tafel reaction mechanism dominates during the HER process,
and the Tafel reaction acts as the rate-limiting step [52,53]. In
order to better explore the kinetics at the electrode/electrolyte
interface during the HER process, we also performed the EIS
analysis. A low Ohmic series resistance of the system (Rs, which is
dependent on the intercept of the semicircle on the real axis, as
shown in Fig. 6c) indicates excellent conductivity of electrolyte.
Owing to the strong electronic interaction between MoS2 nano-
sheets and N-rGO scaffold with high conductivity, the charge
transfer resistance (Rct) of MoS2/N-rGO0.5 composite (~6.5 U) is
lower than the pure MoS2 (~7.8 U) and MoS2/rGO composite
(~7.2 U), confirming that both nitrogen incorporation in rGO and
rGO hybrid structure increase charge transfer of the catalyst for
HER [15,24]. Notice that the Rct of MoS2/N-rGO0.5 is lower than
that of N-rGO (synthesized under the same conditions without
the addition of (NH4)2MoS4). Our SEM result shows that the N-
rGO hydrogel exhibits large lamellar structure rather than a
lly aligned nanosized MoS2/N-rGO catalysts.



Fig. 6. (a) Polarization curves, (b) corresponding Tafel plots, and (c) EIS Nyquist plots of various catalysts modified electrode in a 0.5 M H2SO4 solution at 5 mV$s�1. The inset in (c) is
the equivalent model of system. (d) Stability test for MoS2/N-rGO hydrogel in a 0.5 M H2SO4 solution at a scan rate of 50 mV$s�1. (A colour version of this figure can be viewed
online.)

Table 1
A brief summary of HER performance from various MoS2 or MoS2/rGO composites.

Sample Mass loading (mg$cm�2) Onset potentiala (mV) Tafel slope (mV$decade�1) Reference

Defect-rich MoS2 nanosheets 0.285 120 50 [3]
O-doped MoS2 nanosheet 0.285 120 55 [4]
MoS2/rGO 0.2 140 41 [15]
MoS2/rGO 0.285 100 41 [2]
MoS2/CNT 0.136 90 44.6 [25]
MoS2/N-doped graphene 0.707 236 230 [48]
MoS2/N-rGO 0.14 119 36 This work

a Onset overpotential was obtained at current density of 0.1 mA$cm�2.
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porous structure (Fig. S6), which is disadvantageous for reducing
transport limitation of the electrolyte and therefore retards the
transfer of protons and electrons. Besides, the MoS2/N-rGO0.5
catalyst exhibits excellent durability with negligible degradation
in the current density even after continuous 2000 cycles (Fig. 6d)
under acid condition. By contrast, the MoS2/rGO catalyst without
N-doping displays an obvious decrease in the current density
after 1000 cycles (Fig. S7). Such excellent HER performance and
durability of MoS2/N-rGO0.5 catalyst can be rationalized as fol-
lows: i) the introduction of N-doped sites in rGO provides more
active nucleation sites for MoS2, forming nanosized MoS2 sheets
with increased vertical edge ratio and defects and giving more
exposed Mo edges to participate catalytic process; ii) the incor-
porated N improves the conductivity of rGO sheets, promoting
fast electron transfer at the MoS2/N-rGO0.5 interface and electron
mobility along the N-rGO nanosheets; iii) 3D hydrogel framework
not only provides convenient channel for electrons and protons
transfer, shortens the transfer path of charge carriers to active
centers, but also decreases the volume change during the long-
time test in acid media, favoring the catalyst better HER activity
and stability.

The decisive influence of N incorporation on the HER catalytic
activity is further confirmed by exploring the exposed active sites of
the catalysts via two important parameters, namely Cdl and TOF.
The Cdl characterizes the effective active surface area (EASA) and
rich exposed active sites of catalysts and can be calculated by the
scanning area of cyclic voltammetry (CV) curves at the Non-Faraday
region (Fig. S8, see Supporting Information for more information)
[5]. It can be clearly seen that the MoS2/N-rGO0.5 shows the largest
Cdl ~31.02 mF$cm�2 than other MoS2-based catalysts (Fig. 7a),
which is 3 times larger than that of pristine MoS2 (8.92 mF$cm�2)
and 2 times larger than that of MoS2/rGO catalyst (15.65 mF$cm�2).
This value is rather competitive considering the low mass loading
when compared to previously reported MoS2-based catalysts, such
as defect-rich MoS2/rGO nanosheets (6.045 mF$cm�2) [30], MoSx/
PP-CFP films (4.13 mF$cm�2) [54] and AS-rich MoS2 nanospheres
(27.5 mF$cm�2) [55]. Additionally, the calculated TOF, which is
usually used to determine the active sites of the catalyst (Fig. S9, see
Supporting Information for more information) [44,56], confirms a
better catalytic ability for MoS2/N-rGO0.5 catalyst (TOF¼ 0.89 s�1 at
an overpotential of 240 mV) when compared to the MoS2/rGO
(TOF ¼ 0.51 s�1) and pure MoS2 (TOF ¼ 0.29 s�1) at the same
overpotential (Fig. 7b). Therefore, the vertically aligned nanosized
structure of MoS2, nitrogen incorporation of rGO and 3D network
structure have led to excellent HER performances of the MoS2/N-
rGO0.5 composite.



Fig. 7. (a) Relations of difference between anodic and cathodic currents at 0.15 V (vs RHE) (J0.15 ¼ Ja-Jc) with various scan rates from 10 mV$s�1 to 45 mV$s�1. The slope is double Cdl.
(b) Turnover frequency (TOF) of various catalysts in a 0.5 M H2SO4 solution at a scan rat of 50 mV$s�1. (A colour version of this figure can be viewed online.)
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However, excess N incorporation and 3D hydrogel-structure
destruction cause the agglomeration and reconnection of MoS2
sheets, sacrificing the catalytic active sites and electrical conduc-
tivity (electron hopping between layers). As shown in Fig. S10, with
the increase of NH3$H2O amount added in the reaction system, the
HER performance, Cdl and Rs show a first increased and then
decreased trend, and the optimal behavior is obtained in MoS2/N-
rGO0.5 hydrogel. Therefore, the proper N-doped sites can efficiently
restrict the growth of MoS2 nanosheets for excellent electro-
catalytic activities. Excess N concentration caused by using large
amount of NH3$H2O (2 and 3 mL) in the precursor (Table S1) would
result in the reconnection of nanosized MoS2 sheets and decrease
the electrical conductivity and charge transfer resistance of MoS2/
N-rGO (Fig. S10), which degrades the HER performance of catalysts.
We also probe the solvent effect on the hydrogel structure and HER
activity of MoS2/N-rGO0.5 hybrid. When only DMF was used as the
solvent in the hydrothermal reaction (GO was freeze-dried before
used), the hybrid cannot self-assemble into 3D porous hydrogel
structure (Fig. S11a and b). When pure D.I. water was used as the
solvent under the similar conditions, despite the 3D porous struc-
ture remained, no homogeneous nanosized MoS2 sheets with well-
constructed pore size were obtained (Fig. S11c and d), and the HER
performance degenerated (Fig. S12). Therefore, the proper pro-
portion of DMF and water is important to construct a 3D porous
framework which benefits the fast diffusion of electrolyte to active
centers and accelerates electron transfer.
4. Conclusions

In summary, we have successfully synthesized vertically aligned
MoS2 ultrathin nanosheets decorated on 3D porous nitrogen-doped
reduced graphene oxygen (N-rGO) hydrogel using a facile sol-
vothermal approach. Thanks to the N-doping in the rGO, resulting
in the formation of vertically aligned nanosized MoS2 sheets with
abundant exposed edges and rich defects. Moreover, 3D porous N-
rGO hydrogel proves a good conductive skeleton, which accelerates
the transportation of electrons and electrolyte during the HER
process, favoring the MoS2/N-rGO hydrogel excellent HER activity
with a low Tafel slope of 36 mV$decade�1, a small onset potential
of�0.119 V, and superior long-time catalytic stability. What is more
astonishing is that the dominant Turnover frequency (0.89 s�1, at
240mV) and high double layer capacitance (31.02 mF$cm�2) can be
obtained with the low mass loading, which are all much higher
than previously reported MoS2-based catalysts. This work suc-
cessfully validates a simple-yet-effective synthesis method related
to controllable nanoscale engineering of MoS2 ultrathin nano-
sheets, which may provide promising candidates for cost-effective
electrocatalysts for future commercial application.
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