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ABSTRACT: Herein, we report a unique thermal synthesis method
to prepare a novel two-dimensional (2D) hybrid nanostructure
consisting of ultrathin and tiny-sized molybdenum disulfide nano-
platelets homogeneously inlaid in graphene sheets (MoS,/G) with
excellent electrocatalytic performance for HER. In this process,
molybdenum oleate served as the source of both molybdenum and
carbon, while crystalline sodium sulfate (Na,SO,) served as both
reaction template and sulfur source. The remarkable integration of
MoS, and graphene in a well-assembled 2D hybrid architecture
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provided large electrochemically active surface area and a huge

number of active sites and also exhibited extraordinary collective properties for electron transport and H' trapping. The MoS,/G
inlaid nanosheets deliver ultrahigh catalytic activity toward HER among the existing electrocatalysts with similar compositions,
presenting a low onset overpotential approaching 30 mV, a current density of 10 mA/cm?” at ~110 mV, and a Tafel slope as small
as 67.4 mV/dec. Moreover, the strong bonding between MoS, nanoplatelets and graphene enabled outstanding long-term
electrochemical stability and structural integrity, exhibiting almost 100% activity retention after 1000 cycles and ~97% after
100 000 s of continuous testing (under static overpotential of —0.15 V). The synthetic strategy is simple, inexpensive, and
scalable for large-scale production and also can be extended to diverse inlaid 2D nanoarchitectures with great potential for many

other applications.

Bl INTRODUCTION

To meet the rapidly growing energy and environmental
demands, various approaches have been developed to exploit
renewable and clean energy for replacing traditional fossil
fuels."™* Hydrogen, as a remarkable energy carrier, has held
tremendous promise for sustainable green energy innovation
due to its high energy storage capability and pollution-free
characteristic.”® Recently, hydrogen production by electro-
chemical water splitting has caught great attention because of
the high efficiency and eco-friendliness.”® However, due to the
intrinsically slow kinetics of hydrogen evolution reaction
(HER), it is necessary to modify the cathodes with active
catalysts.”' Platinum (Pt)—%roup metals are the most effective
electrocatalysts for HER,""'* but the scarcitg and high cost
severely restricted their practical applications.'” Thus, intensive
effort has been devoted to designing and fabricating noble
metal-free electrocatalysts for HER.

Currently, noble-metal-free electrocatalysts includeing tran-
sition metal challcogenides,m_16 phosphides,w_21 nitrides,”>™*°
and carbides®*™*’ have emerged as new candidates for HER.
Molybdenum disulfide (MoS,), the two-dimensional (2D)
sheet of vertically stacked S—Mo—S interlayers,” has attracted
great interest as a potential HER catalyst due to its highly
reactive atomic active sites exposed at the edges. Recently,
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several methods for preparing MoS,-based electrocatalysts have
been developed, such as simple mixing, solution-phase
synthesis, or chemical vapor deposition (Table S1). However,
the inherent stacking nature among MoS, layers seriously limits
the amount of exposed active sites.”’ Therefore, it is of great
importance to increase the exposed active sites and prevent the
stacking and aggregation of MoS, layers. Despite the great
progress achieved so far, the critical problem of preventing the
stacking and reducing the size of MoS, sheets still remains
unresolved.

Apart from the density and reactivity of active sites, the
catalytic performance of electrocatalysts is also influenced by
several additional factors, such as the charge and ion transport
of the cathode. To circumvent these obstacles, here we propose
a unique thermal synthesis approach to prepare a novel 2D
hybrid nanostructure consisting of ultrathin MoS, nanoplatelets
inlaid into graphene sheets (MoS,/G) by using metal oleate as
precursor and salt crystals as template. It is worth emphasizing
that this new method involving sequential “coating—annealing—
washing” steps, is very unique and different from the exiting
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Figure 1. (a) Schematic illustration of the synthesis procedure of MoS,/G inlaid nanosheets. (b) FESEM, (c—e) TEM, and (f, g) HRTEM images of
the MoS,/G-20 product. The MoS,/G-20 inlaid nanosheets exhibited a typical 2D planar structure with ultrathin MoS, nanoplatelets uniformly
implanted in graphene sheets. (g) The magnified view of the rectangle area in (f) and the lattice distance of 0.27 nm corresponds well with the (101)
plane of MoS,, further confirming the synthesis of MoS, nanoplatelets.

methods in the literature (Table S1).>*™* In addition, this
method is very facile and suitable for mass production. The
resultant ultrathin and tiny-sized MoS, nanoplatelets were
homogeneously inlaid in the graphene nanosheets, which
cannot be achieved by other approaches. The merits of this
architecture are that the uniformly distributed small MoS,
nanoplatelets provide ultrahigh electrochemically active surface
area (ECSA) and a huge number of exposed active sites for
HER, the graphene sheets greatly promote electron transport
and H* trapping, and the strong bonding between MoS, and
graphene ensure high structural stability in electrochemical
tests. As a consequence, the synergistic effect of ultrathin MoS,
nanoplatelets and graphene sheets result in the excellent
electrocatalytic performance of MoS,/G inlaid nanosheets
toward HER.

B EXPERIMENTAL SECTION

Chemicals. Molybdenum chloride (MoCl;) was purchased from
Sigma-Aldrich, and other chemicals were purchased from Sinopharm
Chemical Reagent Co., Ltd. All chemicals are of analytical purity and
used without further purification.

In Situ Thermal Synthesis of MoS,/G Inlaid Nanosheets.
Typically, 0.80 mmol of MoCl was dissolved into 2.0 mL of deionized
water. Subsequently, 4.0 mmol of sodium oleate was added into the
above solution under vigorous stirring. The resulting mixture was aged
at 85 °C for 6 h to obtain molybdenum oleate. Then the mixture was
grounded with a specific amount of sodium sulfate (Na,SO,) crystals
thoroughly. After that, the mixture was put into a tube furnace and
heated to 600 °C for 2 h in a N, atmosphere with a ramp rate of 2 °C/
min. The resultant powder was put into 30 mL of deionized water and
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stirred for 1 h, then collected by centrifugation, and dried at 80 °C for
12 h in a vacuum oven. In order to obtain the final product, the
collected powder was further annealed at 800 °C for 2 h in N,
atmosphere with the same ramp rate. For the synthesis of MoS,/G-10,
MoS,/G-15, MoS,/G-20, and MoS,/G-25 products, 10, 15, 20, and 25
g of Na,SO, crystals were used, respectively.

Hydrothermal Preparation of MoS,—Graphene Composite
as a Control Sample. First, graphene oxide (GO) was prepared from
nature graphite flake by a modified Hummers method.” For the
synthesis of the MoS,—graphene composite, 120 mg of sodium
dodecyl sulfonate was added into 30 mL of deionized water that
containing 30 mg of GO. Then, 100 mg of Na,MoO,-2H,0O and 200
mg of thiourea (C,H;NS) were introduced into the above solution and
further stirred for 30 min. After that, the resultant mixture was
transferred into an autoclave and heated at 180 °C for 20 h. Finally,
the precipitate was collected by centrifugation, washed with absolute
ethanol, and dried in a vacuum oven for 12 h.

Characterizations. The morphology, size, and structure of the
products were examined by field-emission scanning electron
microscopy (FESEM, JSM-6480), transmission electron microscopy
(TEM, JEM-2100), and an energy-dispersive X-ray (EDX) spectro-
scope attached to the field-emission scanning electron microscope.
The crystallinities of as-synthesized samples were characterized by
powder X-ray diffraction (XRD) on a Bruker D-8 Advance
diffractometer using Cu Ka (4 = 1.5406 A) radiation at a scanning
rate of 6°/min. Thermogravimetric analysis (TGA) was performed on
a NETZSCH STA 449 C instrument in air atmosphere from room
temperature to 800 °C at a heating rate of 10 °C min~'. X-ray
photoelectron spectra (XPS) were obtained using a PHI-S000
VersaProbe X-ray photoelectron spectrometer with an Al Ka X-ray
radiation. Raman spectra were collected with a Horiba JY H800
Raman spectrometer using a 532 nm laser source. Nitrogen
adsorption—desorption isotherms were obtained through Brunauer—

DOI: 10.1021/acs.chemmater.6b01980
Chem. Mater. 2016, 28, 5733—5742


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b01980/suppl_file/cm6b01980_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.6b01980

Chemistry of Materials

| Article |

a

(003)

(101)
)
)

104
015

X
((
g (009)
(017)

Intensity (a.u.)

(110)
(113)

(@)

Counts (a.u.)

C1s

Ci1s

20 40 60 202 288 284 280
26 (degree) Binding energy (eV)
C Mo 3d d S 2p
s
M°4+
M04+
5 E
8 8
® ]
Sl wow E
(o]
3 S2s 8
240 235 230 225 220 172 168 164 160

Binding energy (eV)

Binding energy (eV)

@

G

Intensity (a.u.)

Il = 0.77

—h

Intensity (a.u.)

Aty

600

1,200 1,800 2,400 3,000 250
Raman shift (cm1)

300 350 400 450
Raman shift (cm™)

500

Figure 2. (a) XRD pattern, high-resolution XPS spectrum of (b) C 1s region, (c) Mo 3d region, (d) S 2p region, (e) Raman spectrum, and (f)
enlarged Raman spectrum (250—500 cm™") of the MoS,/G-20 product.

Emmett—Teller (BET) analysis at 77 K on a Micromeritics ASAP2020
instrument.

Electrochemical Measurements. The catalytic performances of
the as-prepared samples toward HER were conducted on a typical
three-electrode setup using a CHI 760E electrochemical analyzer
(Chenhua Instruments, Shanghai) at room temperature. The electro-
catalyst dispersed onto a glassy carbon rotating disk electrode (GCE,
ALS Co., Japan) was used as a working electrode, while a calibrated
saturated calomel electrode (SCE) and a platinum foil served as the
reference and counter electrodes, respectively. The GCE has a
diameter of 5.0 mm, and the loading amount of catalyst is 0.25 mg/
cm’. Prior to the surface coating, the GCE was polished by Al,O,
powders with size down to 0.05 um, followed by sonication in absolute
ethanol for 10 s, and then allowed to dry at room temperature. To
fabricate the working electrode, catalyst ink was prepared by dispersing
5.0 mg of electrocatalyst into a mixed solvent containing 0.98 mL of
absolute ethanol and 20 pL of 5.0 wt % Nafion solution, and then the
mixture was sonicated for 30 min to form a homogeneous ink. After
that, 10 uL of the catalyst ink was loaded onto the polished GCE and
dried at room temperature naturally. Linear sweep voltammetry
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(LSV), cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS), chronoamperometry measurements, and chronopo-
tentiometric measurements were then conducted, and the LSV was
performed at a scan rate of 2.0 mV/s. In this study, the onset
overpotential was defined as the potential at a current density of 0.5
mA/cm?> During the electrochemical measurement, the electrolyte
(0.50 M H,SO,) was degassed by bubbling high purity nitrogen to
eliminate the dissolved oxygen. A gas chromatograph (Agilent
GC7890) was employed to analyze the volume of generated H,
during the electrochemical measurements. The detailed calibration of
SCE was provided in Supporting Information. All the potentials
reported in our work were calibrated with a reversible hydrogen
electrode (RHE) according to the equation Epyp = Egcp + 0241 V.

B RESULTS AND DISCUSSION

The typical synthetic procedure for MoS,/G inlaid nanosheets
is depicted in Figure la. Molybdenum oleate was grounded
with sodium sulfate (Na,SO,) crystals to obtain very fine
composite powders. In this process, oil-like slimy molybdenum
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oleate was uniformly coated on the surface of Na,SO, crystals.
Subsequently, the mixture was annealed at 600 °C in a N,
atmosphere. This led to the decomposition of molybdenum
oleate into carbon, molybdenum oxides, etc. (Figure Sla), and
thus carbon layers were formed on the surface of the Na,SO,
crystals. Subsequently, the surface layer of the Na,SO, crystals
was partially reduced by carbon to form Na,S, and then the
facets of Na,SO, also acted as 2D templates to induce the
reaction of Na,S and molybdenum oxides, resulting in the
formation of tiny MoS, nanoplatelets inlaid carbon layers
supported by the remaining Na,SO, crystals (Figure S1b). The
detailed reaction processes for explicating the formation of
ultrathin MoS, nanoplatelets are proposed in eqs S1—4 of the
Supporting Information. After removing the residual Na,SO,
crystals by washing in excessive water, the collected powder was
annealed once again at 800 °C in a N, atmosphere to form
graphene sheets with further increased graphitic degree. In this
way, novel 2D MoS,/G inlaid nanosheets composed of
ultrathin MoS, nanoplatelets embedded in graphene sheets
were synthesized. We denoted MoS,/G-x as the final products,
where x corresponded to the amount of Na,SO, crystals (x =
10, 185, 20, or 25 g) used in the synthesis process. Of particular
note, the starting materials and synthetic process in this work
are both viable for large-scale production, making this approach
very attractive for practical applications.

Field-emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) were employed to
investigate the morphology of MoS,/G inlaid nanosheets.
Figure 1b shows a FESEM image of the MoS,/G-20 product.
The inlaid nanosheets exhibit a typical 2D flat structure with
rather smooth surface and uniform thickness, and the lateral
size exceeds 10 pum. The 2D structure and sheet size were
attributed to the flat facets of Na,SO, crystals, which served as
the reaction templates. TEM characterizations (Figure lc—e)
confirmed the planar morphology of MoS,/G-20 with
uniformly dispersed inlays. Graphene fringes were found at
the edges of nanosheets, as marked with red arrows (Figure
1c,d), and the layer number was closely correlated to the
amount of carbonized molybdenum oleate. Tiny nanoplatelets
with the size range of 10—20 nm were homogeneously
embedded in graphene sheets (Figure le), and correspond-
ingly, crystal lattices (as marked by red cycles) were observed in
the high-resolution TEM (HRTEM) image (Figure 1f). The
lattice spacing of 0.27 nm (Figure 1g) is in accordance with the
(101) plane of MoS,, confirming the synthesis of MoS,
nanoplatelets. Moreover, to reveal the thickness of MoS, in
the MoS,/G-20 product, more HRTEM characterizations were
performed. As shown in Figure S2, the observed interlayer
distances are 0.74 nm, corresponding to the (002) planes of
MoS,, and the platelet thickness is 3.7 nm, suggesting that the
inlaid MoS, nanoplatelets are with ultrathin thickness.
Compared with the previously reported MoS,-based materi-
als,>*™* this architecture can ensure excellent electron transfer
between MoS, nanoplatelets and graphene sheets, and the
uniform dispersion of ultrathin MoS, nanoplatelets on
graphene sheets can undoubtedly favor the full utilization of
exposed active sites, thus contributing to the significantly
enhanced catalytic performance toward HER.

The crystalline structure and compositions of MoS,/G inlaid
nanosheets were examined by X-ray diffraction spectroscopy
(XRD), energy dispersive X-ray spectroscopy (EDX), and X-ray
photoelectron spectroscopy (XPS). As shown in Figure 2a, the
XRD diffraction peaks of MoS,/G-20 can be accordingly
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ascribed to the hexagonal phase MoS, (JCPDS card No. 77-
0341, R3m (160): a = 3.166, b = 3.166, ¢ = 18.410). To further
confirm the graphitic nature of carbon layers in the MoS,/G
composite, the inlaid MoS, nanoplatelets in MoS,/G-20 were
removed by treating MoS,/G-20 in concentrated H,SO,
solution heated at 120 °C. After heating for 6 h, the precipitate
was washed with deionized water and absolute ethanol several
times. As shown in the inset of Figure S3, cleaned graphene
layers after the removal of inlaid MoS, nanoplatelets were be
obtained by hot H,SO, treatment. The corresponding XRD
pattern and Raman spectrum of cleaned graphene layers
revealed relatively high graphitic degree (Figure S3). The EDX
spectrum of MoS,/G-20 (Figure S4) revealed the coexistence
of carbon, sulfur, and molybdenum, and the carbon content in
the MoS,/G-20 product was measured to be ~55.7%,
consistent with the TGA (Figure SS) and XPS analysis (Figure
S6). The survey spectrum of XPS (Figure S6) was consistent
with the above EDX results, and the MoS, content in the
MoS,/G-20 product was measured to be ~37.4 wt %. In the
high-resolution XPS spectrum of the C 1s region (Figure 2b),
the peak intensity of the C—O and C=0 species is very weak,
suggesting the successful removal of oxygen-containing groups
in molybdenum oleate. The high-resolution XPS spectra of Mo
3d and S 2p regions were investigated to confirm the
fabrication of MoS, nanoplatelets. The XPS spectrum at the
Mo 3d region (Figure 2c) can be deconvoluted into four peaks,
and one of these at 226.5 eV corresponds to the S 2s peak of
MoS,. Two characteristic peaks of MoS, centered at 229.6 eV
(Mo 3ds/,) and 232.7 eV (Mo 3d,/,) are observed, while the
high binding energy peak at 235.9 eV corresponds to MoOj; or
MoO,”", which may result from slight oxidation of the product
in air. The sulfur species were determined from the high-
resolution XPS spectrum at the S 2p region (Figure 2d). The
main doublet centered at binding energies of 161.9 and 163.1
eV corresponds to the S 2p;, and S 2p;/, lines of MoS,,
respectively.”’ Meanwhile the binding energies at 164.4 and
168.8 €V can be ascribed to the S,*” ligands of bridging
disulfides and terminal S** species on the surface or edges of
MoS, nanoplatelets, respectively.”*”** Raman spectroscopy
was used to identify the structure of MoS,/G-20. As shown in
Figure 2e, the intensity ratio of the D band at 1340 cm™' and G
band at 1585 cm™ (Ip/I;) is calculated to be ~0.77,
demonstrating the decent graphitic degree of graphene sheets
in the sample. The appearance of the 2D band at about 2670
cm™ further confirmed the formation of graphene sheets. The
Raman peaks at about 378.3 and 403.5 cm™' (Figure 2f) are
attributed to the in-plane Elzg and out-of-plane Alg vibration
modes of Mo—S, respectively."”>’ In addition, the specific
surface area and porous characteristics of the MoS,/G-20
product were measured by nitrogen adsorption/desorption
analysis and pore size distribution measurement. The specific
surface area was measured to be 245 m?/g (Figure S7a)
according to the Brunauer—Emmer—Teller (BET) model, and
the average pore size based on the Barrett—Joyner—Halenda
(BJH) method was ~5.0 nm (Figure S7b). The high specific
surface area and the porous characteristics can facilitate the
penetration and permeation of electrolyte ions, thus promoting
the HER process.”!

For comparison, other MoS,/G-x samples prepared by
adding different amounts of Na,SO, crystals were also
investigated. As shown in Figure S8, the XRD spectra of
MoS,/G-10, MoS,/G-15, and MoS,/G-25 samples show clear
diffraction peaks similar to those of MoS,/G-20, suggesting the
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Figure 3. (a) IR-corrected LSV polarization curves of MoS,/G-10, MoS,/G-15, and MoS,/G-20 inlaid nanosheets and bare GCE as HER
electrocatalysts. (b) The corresponding Tafel slopes of MoS,/G-10, MoS,/G-15, and MoS,/G-20 inlaid nanosheets. (c) CV curves of MoS,/G-20 at
various scan rates (20—180 mV/s). (d) Capacitive currents at 0.15 V as a function of scan rate for MoS,/G-10, MoS,/G-15, and MoS,/G-20 inlaid

nanosheets (Aj, = j, — je)-

high consistency and effectiveness of this strategy. The MoS,
contents in MoS,/G-10, MoS,/G-15, and MoS,/G-25
determined by XPS (Figure S6) were 19.8, 27.8, and 45.1 wt
%, respectively. The FESEM and TEM observations of MoS,/
G-10 and MoS,/G-15 products (Figure S9) revealed the
nanostructure similar to that of the MoS,/G-20 product.
However, FESEM characterization (Figure S10) of the MoS,/
G-2S product revealed a very different morphology composed
of small nanoparticles and nanoplatelets with amorphous
features. The sheet structure of MoS,/G-25 became frag-
mented, owing to the partial/incomplete coverage of
molybdenum oleate on excessive Na,SO, crystals. In addition,
HRTEM images of MoS,/G-10, MoS,/G-15, and MoS,/G-25
products were also provided (Figure S2), and the results
demonstrated that the thickness of MoS, nanoplates remained
stable when the Na,SO, crystal amount increased from 10 to
25 g. The specific surface area and porous characteristics of
these MoS,/G products were also measured. As shown in
Figure S11a—f, the specific surface areas of MoS,/G-10, MoS,/
G-1S, and MoS,/G-25 products were measured to be 104, 182,
and 258 m?/g, respectively, and these samples displayed porous
characteristics similar to those of the MoS,/G-20 product.
Thus, the specific surface area of the MoS,/G-x products
increased dramatically with the amount of Na,SO, crystals
increased from 10 to 20 g; when the amount of Na,SO, crystals
further increased to 25 g, the specific surface area remained
almost unchanged. These results suggested that the amount of
Na,SO, crystals was critically important for the formation of
large-area 2D MoS,/G inlaid nanosheets with both ultrathin
thickness and integral sheet structure, and 20 g of Na,SO,
crystals was approaching the limit for obtaining such an
intriguing structure.
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To further illustrate the structural advantages of MoS,/G
inlaid nanosheets, the MoS,—graphene composite prepared by
a conventional hydrothermal method was also presented as a
control sample for comparison. The starting materials included
graphene oxide (GO), Na,MoO,-2H,0, and thiourea. Figure
S12 shows the morphology and composition characterizations
of the hydrothermally prepared MoS,—graphene composite.
The FESEM images (Figure S12ab) revealed the typical
crumpled and wrinkled structure of the MoS,—graphene
composite. The TEM image (Figure S12c) exhibited the
existence of graphene sheets and MoS, sheets; the MoS, sheets
were stacked on graphene sheets, as marked with red arrows.
The TEM image with higher magnification (Figure S12d)
suggested that no obvious aggregation was observed, indicating
the uniform distribution of MoS, layers on graphene sheets.
Moreover, a typical lamellar structure of MoS, with interlayer
spacing of 0.63 nm can be observed from the HRTEM image
(Figure S12e), and the MoS, nanosheets mainly comprise more
than five layers. Further XRD characterization (Figure S12f)
confirmed the successful preparation of the MoS,—graphene
composite. Compared with this control sample of hydro-
thermally prepared MoS,—graphene composites, the MoS,/G
inlaid nanosheets obtained by in situ thermal synthesis
displayed smaller and thinner grain sizes of MoS, nanoplatelets,
as well as much better integration of MoS, nanoplatelets and
graphene sheets.

The as-prepared large-area 2D MoS,/G inlaid nanosheets
with unique architecture were investigated as the electro-
catalysts for HER. Figure 3a shows the iR-corrected linear
sweep voltammetry (LSV) polarization curves of the MoS,/G
samples within a cathodic potential window of 0 to —0.5 V vs
reversible hydrogen electrode (RHE). For comparison, the
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Figure 4. (a) Chronopotentiometric measurements of the long-term stability of MoS,/G-10, MoS,/G-15, and MoS,/G-20 inlaid nanosheets at 80
mA/cm? (b) Time-dependent current density curves of MoS,/G-20 under static overpotential of —0.10 and —0.15 V for 100 000 s. (c) IR-corrected
polarization curves of MoS,/G-20 in 0.50 M H,SO, at the initial cycle and the 1000th cycle of CV scanning between —0.8 and 0.2 V vs RHE. (d)
EIS spectra of MoS,/G-10, MoS,/G-15, and MoS,/G-20 samples at n = —0.12 V.

HER catalytic activity of glassy carbon electrode (GCE) is also
provided in Figure 3a. Obviously, the GCE alone showed
almost no HER catalytic activity; thus, its effect on the
electrochemical tests can be certainly neglected. Among the
MoS,/G products, the current densities at the same potential
were found to be in the order MoS,/G-20 > MoS,/G-15 >
MoS,/G-10, suggesting the highest electrocatalytic activity of
the MoS,/G-20 sample. Strikingly, the MoS,/G-20 inlaid
nanosheets exhibited a low onset overpotential approaching 30
mV and achieved a current density of 10 mA/cm? at about 110
mV. In comparison with the control sample of the hydro-
thermally prepared MoS,—graphene composite (Figure S12)
and other existing MoS,-based electrocatalysts (Table $1),*~*
the as-prepared MoS,/G inlaid nanosheets showed much better
HER catalytic activity.

On the basis of the LSV polarization curves of the MoS,/G
samples in Figure 3a, the corresponding Tafel plots were
calculated. As shown in Figure 3b, the linear regions of the
Tafel plots were well fitted to the Tafel equation (17 = b logj +
a, where b is the Tafel slope and j is the current density). The
Tafel slopes of the MoS,/G-10, MoS,/G-15, and MoS,/G-20
electrodes are 96.4, 81.2, and 67.4 mV/dec, respectively. The
HER performance of the MoS,/G-25 product yielded by
adding an excessive amount of Na,SO, crystals was also
investigated (Figure S13), further suggesting the optimal
electrocatalytic activity of MoS,/G-20 inlaid nanosheets.
According to the classical two-electron reaction models,
cathodic hydrogen evolution in acidic aqueous media is
believed to take place in two steps:*”*' (1) the “discharge
step”, in which an electron transfers to a proton at the surface
of the electrocatalyst on the cathode, providing an intermediate
state of a hydrogen atom bound to an active site (the Volmer
reaction: H*(aq) + e~ — H,4) and (2) the electrochemical
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desorption step (the Heyrovsky reaction: H,g, + H"(aq) + e~
— H,(g) or the Tafel recombination reaction: H 4, + H,g, —
H,(g)), where H,4, represents the H atom absorbed at an active
site of electrocatalyst. The Tafel slope is often utilized as an
indication of the dominant mechanism, and the rate-
determining step in the HER process can be assigned to a
Volmer, Heyrovsky, or Tafel reaction by a Tafel slope of 116,
40, or 30 mV/dec, respectively.”>>* The HER process may
occur via the Volmer—Heyrowsky mechanism or the Volmer—
Tafel mechanism. However, in both cases, the reaction
proceeds through hydrogen atoms adsorbed at the surface of
electrocatalyst, and thus the rate of the overall reaction is also
influenced by the free energy of hydrogen adsorption, AGy,g;.
The adsorption step would limit the overall reaction rate if the
hydrogen to surface bond was too weak, while the reaction—
adsorption step would be the dominant step if the hydrogen to
surface binding was too strong.”* According to the density
functional theory (DFT) calculations by Hinnemann and co-
workers, the hydrogen binding energy of MoS, was
approximately close to the optimal value of 0 eV.>> Thus, the
obtained Tafel slope of MoS,/G-20 suggests that the HER on
its surface may follow a Heyrovsky dominated Volmer—
Heyrovsky mechanism.*

Exchange current density (j,) is one of the most inherent
estimations of catalytic activity, which is determined by using
the extrapolation method on Tafel plots. The j, value of MoS,/
G-20 was measured to be 0.14 mA/cm?, higher than those of
MoS,/G-15 (0.10 mA/cm?) and MoS,/G-10 (0.05 mA/cm?),
implying a much higher catalytic activity. Meanwhile, the
exchange current density is usually expressed in terms of ECSA
that relates to the number of HER active sites. To estimate the
effective surface areas of the MoS,/G-10, MoS,/G-15, and
MoS,/G-20 inlaid nanosheets samples, we measured the
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electric double layer capacitances (EDLC) at the solid/liquid
interfaces of all electrodes by using cyclic voltammetry (CV)
measurements with the applied potential in the range of 0.1 to
0.2 V (Figure 3c and Figure S14), where the current response
should only be ascribed to the charging/discharging of electric
double layers.”” It is shown (Figure 3d) that the EDLC of
MoS,/G-20 reaches 17.1 mF/cm?, which is much higher than
those of MoS,/G-15 (14.3 mF/cm?) and MoS,/G-10 (9.2 mF/
cm?). Thus, the high exchange current density of MoS,/G-20
can be associated with its high EDLC. The -capacitive
performance also indicates that the MoS,/G-20 sample
possesses the highest ECSA for electrochemical reaction,
which could certainly contribute to its excellent catalytic
activity.”®” In this work, Na,SO, crystals served as the
template for the formation of 2D MoS,/G inlaid nanosheets. As
the amount of Na,SO, crystals increased from 10 to 20 g, the
specific surface area of the MoS,/G-x samples greatly increased
for 104 m*/g to 245 m?/g (Figures S7 and S11), and thus the
number of active sites also increased accordingly. Furthermore,
the EDLC and ECSA of MoS,/G inlaid nanosheets were also
increased along with the amount of Na,SO, crystals (Figure
3d). These results are consistent with the above BET analysis.
Therefore, it indicates that the key reason for dramatic
difference in the catalytic activity among MoS,/G-10, MoS,/
G-15, and MoS,/G-20 should be the number of exposed active
sites for HER.

The estimation of turnover frequency (TOF) makes it
possible to compare the catalytic activity of MoS,/G-20 with
other reported HER catalysts. The number of the active sites
was quantified by the electrochemical method.®" Figure S15a
shows the CV curve of MoS,/G-20 at 50 mV s ! in the
phosphate buffered saline (PBS, pH = 7.0) solution. Assuming
a one-electron process for both reduction and oxidation, the
upper limit of the active sites could be calculated. Figure S15b
displays the polarization curve normalized by the active sites
and expressed in terms of TOF. The overpotentials of MoS,/G-
20 electrocatalyst with the TOF values of 4.0 and 7.0 s were
110 and 130 mV, respectively. Compared to other reported
HER ceitalysts,61’62 MoS,/G-20 exhibits much higher TOF
values under the same overpotentials, suggesting the higher
electrocatalytic activity toward HER. In addition, the Faradaic
efficiency of MoS,/G-20 was probed by comparing the volume
of generated gas and the quantity of charges passed the MoS,/
G-20 electrode in a potentiostatic electrolysis measurement
carried out at an overpotential of —0.15 V for 1540 s. As shown
in Figure S16, the Faradaic efficiency of MoS,/G-20 for HER
was close to 100%.

Electrochemical stability is another important criterion for a
good electrocatalyst. To evaluate the stability of the as-
synthesized MoS,/G electrocatalysts, long-duration chronopo-
tentiometric measurements of HER were conducted at a
current density of 80 mA/cm? as shown in Figure 4a. The
overpotentials of the MoS,/G-10, MoS,/G-15, and MoS,/G-20
inlaid nanosheets samples remained almost unchanged for
100000 s, implying the ultrahigh stability of these electro-
catalysts. Impressively, the MoS,/G-20 sample still shows a
small overpotential of around —0.19 V after HER testing for
100 000 s, which was much lower than those of MoS,/G-15
(—0.24 V) and MoS,/G-10 (—0.30 V) under the same
condition. Figure 4b presents the time-dependent current
density curves of MoS,/G-20 under static overpotentials (17) of
—0.10 and —0.15 V, respectively. After a long HER testing
period (100000 s), the current densities only showed slight
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degradation (with ~97% of activity retention under # = —0.15
V), which could be owing to the consumption of protons in the
reaction system and the hindrance of reaction by hydrogen
bubbles remaining on the catalyst.”* To further demonstrate
the high electrochemical stability intuitively, we measured the
LSV polarization curves at the initial cycle and after 1000 cycles
of CV scanning. As shown in Figure 4c, at the 1000th cycle, the
polarization curve of MoS,/G-20 exhibited negligible difference
as compared with the initial one. In addition, the electro-
chemical impedance spectroscopy (EIS) spectra of MoS,/G
products were investigated at 7 = —0.12 V, as shown in Figure
4d. The resistance of the MoS,/G-20 product was measured to
be ~60 €, much smaller than those of other MoS,/graphene
composites.”*** It proves that the underlying graphene sheets
afforded smooth electron transfer from the less-conductive
MoS, to the electrode, which is one of the key factors
contributing to the superior kinetics toward HER. In sharp
contrast, the control sample of the hydrothermally prepared
MoS,—graphene composite revealed a poor electrocatalytic
activity and much inferior cycle stability for the first 40 000 s
(Figure S17). This result is undoubtedly attributed to the
structural difference between MoS,/G inlaid nanosheets and
MoS,—graphene composite. Compared to MoS,/G inlaid
nanosheets, the conventional MoS,—graphene composite
exhibited a smaller number of exposed active sites and weaker
interaction between MoS, and graphene sheets. To further
confirm the excellent stability of the MoS,/G inlaid nanosheets,
the morphology of MoS,/G-20 after long-term stability tests
was investigated. As shown in Figure S18, the structure of
MoS,/G-20 was perfectly retained after HER testing for
100 000 s, suggesting the extraordinary structural stability as
compared to other MoS, based electrocatalysts (Table
S 1); 2—45

The excellent HER performance of the MoS,/G inlaid
nanosheets can be attributed to its unique architecture, which
features the following advantages: (1) The ultrathin MoS,
nanoplatelets homogeneously inlaid in graphene nanosheets
provided a huge number of exposed active sites, thus
significantly promoting the HER process.”*®® (2) The as-
formed graphene sheets served dual functions as the conductive
channels for accelerating the electron transfer and also as the
trapping agent for absorbing H* ions.”° (3) The strong bonding
and remarkable coordination of MoS, and graphene ensured
the high structural stability of MoS,/G inlaid nanosheets in
long-term electrochemical measurements. All of these factors
are beneficial to the enhancement of HER performance. This is
the reason why the MoS,/graphene inlaid nanosheets present
ultrahigh catalytic activity toward HER and outstanding long-
term electrochemical stability that cannot be obtained by other
electrocatalysts with similar compositions.

B CONCLUSIONS

In summary, we have rationally designed and fabricated a novel
2D hybrid architecture consisting of ultrathin MoS, nano-
platelets inlaid in graphene sheets via a unique thermal
synthesis strategy. Electrochemical measurements revealed
that the MoS,/G inlaid nanosheets exhibited ultrahigh catalytic
activity toward HER and excellent electrochemical stability after
long-duration testing in acidic solution. It proves that the large
amount of exposed active sites on MoS, nanoplatelets and
excellent electrical conductivity of graphene sheets synergisti-
cally contributed to the ultrahigh electrocatalytic performance.
In addition to the MoS, or graphene based electrocatalysts, the
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effective and universal strategy used in this work paves the way
to synthesize other 2D inlaid nanostructures with diverse
potential applications.
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