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ABSTRACT

In most cases, layered transition metal dichalcogenides (LTMDs), containing
metallic phases, show electrochemical behavior different from their semiconductor
counterparts. Typically, two-dimensional layered metallic 1T-MoS, demonstrates
better electrocatalytic performance for water splitting compared to its 2H
counterpart. However, the characteristics of low metallic phase concentration
and poor stability limit its applications in some cases. Herein, we demonstrate a
simple and efficient bottom-up wet-chemistry strategy for the large-scale synthesis
of nanoscopic ultrathin Mo, W.S, nanosheets with enlarged interlayer spacing
and high metallic phase concentration. Our characterizations, including X-ray
absorption fine structure spectroscopy (XAFS), high-angle annular dark-field-
scanning transmission electron microscopy (HAADF-STEM), and X-ray
photoelectron spectroscopy (XPS) revealed that the metallic ultrathin ternary
Mo, W.,S, nanosheets exhibited distorted metal-metal bonds and a tunable
metallic phase concentration. As a proof of concept, this optimized catalyst, with
the highest metallic phase concentration (greater than 90%), achieved a low
overpotential of about —155 mV at a current density of -10 mA/cm?, a small Tafel
slope of 67 mV/dec, and an increased turnover frequency (TOF) of 1.3 H, per
second at an overpotential of =300 mV (vs. reversible hydrogen electrode (RHE)),
highlighting the importance of the metallic phase. More importantly, this study
can lead to a facile solvothermal route to prepare stable and high-metallic-
phase-concentration transition-metal-based two-dimensional materials for future
applications.
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1 Introduction

Large-scale hydrogen production through water splitting
plays a vital role in the field of clean and renewable
energy [1-5]. Platinum and some other noble metals are
the most effective electrocatalysts for the electrochemical
hydrogen evolution reaction (HER), and can achieve
very low overpotential and electrochemical stability
[6]. However, their widespread utilization is severely
limited by their high cost and relatively low reserves
[7-10]. Therefore, the development of nonprecious
and efficient alternative HER electrocatalysts is urgent.
To date, many researchers have focused their attention
on finding new inexpensive electrocatalysts that can
decrease the HER overpotential [11]. In the past, a
wide range of alternatives like transition metal oxides,
nanocarbon materials, etc., have been intensively
explored [12-16]. In recent years, theoretical and
experimental work have revealed that layered MX,
(M = transition metal, X = S, Se, etc.) materials are
promising electrocatalysts for HER due to the existence
of electrocatalytically active sites at their metallic
edges [17]. Thus, increasing the density of exposed
metallic sites has been one of the main strategies to
improve their electrochemical performance [18]. The
formation of few-layered compounds has proved to
be a feasible way to improve metallic characteristics
and enhance HER performance. Few-layered transition
metal dichalcogenides (LTMDs), such as MoS,, WS,,
MoSe,, and WSe,, have proved to be better HER
electrocatalysts because of their unique chemical and
electronic features [19-26]. Other researchers have
revealed that TMDs with ternary compositions, such
as MOSz(l-x)Sezx, MOXW(I—x)SZI WSZ(l—x)Ser/ MOSZ(I—x)Px/
and MoS,Cl,, can further improve HER performance
due to the increase in the concentration of exposed
active sites [18, 27-31]. However, the concentration of
active edge sites in 2H-MX, is always limited, thus
restricting its HER kinetics. Therefore, the practical
use of LTMD materials as alternatives to Pt remains a
challenge [25, 32-34].

The structure and reactivity of MX,-type LTMDs
have been extensively explored for several decades [35].
Recently, some researchers found that 1T-MoS, and
1T-WS,, which have distorted layer units in contrast
with their 2H phases, can achieve superior HER
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performance, because the metallic 1T phase existing
on the surface can improve their intrinsic catalytic
nature [17, 36-38]. In addition to their exposed active
sites, their higher electrical conductivity compared
to their semiconducting counterparts would further
enhance the electrochemical behavior [39]. We have
recently developed a bottom-up wet-chemistry method
to synthesize metallic MX, materials, such as WS,
and MoS,, on a gram-scale [40, 41]. The obtained
materials were demonstrated to be useful in various
fields, such as catalysis and photothermal therapy
[41, 42]. Given the positive effect of many-component
systems, we propose that ternary LTMDs with metallic
phases should exhibit enhanced catalytic activity com-
pared to binary mixtures of their components. In fact,
ternary metallic TMDs have previously been reported,
but the obtained materials had very low metallic phase
concentrations and low yields [43]. Therefore, to the
best of our knowledge, no gram-scale synthesis for
ternary LTMDs with high metallic phase concentration
has been developed yet.

Herein, we develop a simple one-step and bottom-up
wet-chemistry method to grow nanosized, ultrathin
ternary Mo,W,_,5, nanosheets with good stability and
a high metallic phase concentration on a gram-scale
level. The Mo/W ratio was tuned by adjusting
the growth parameters. Subsequently, the atom-scale
structure and chemical states in the as-prepared electro-
catalysts were characterized using high-angle annular
dark field-scanning transmission electron microscopy
(HAADEF-STEM), X-ray absorption fine structure
(XAFS), and X-ray photoelectron spectroscopy (XPS).
Interestingly, the Moy ;sWy25S, nanosheets, with the
largest interlayer spacing of ~ 10.35 A, exhibited the
most efficient HER performance in acidic media. The
enhancement mechanism, as observed through density
functional theory (DFT) calculations, is also discussed,
and the hydrogen-binding energy G- on ternary
Moy 75Wy.255, was closer to the optimal value (G- = 0)
than that of 1T’-type MoS, and WS,.

2 Experimental

2.1 Synthesis of the ultrathin Mo, \W.S, nanosheets

The synthesis method was as follows: In a typical

VEN$VIE1R\JSI($YI-|!¥ gAS @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2018, 11(3): 1687-1698

experiment, x mmol of tungsten chloride (WCl,,
>99.99%, Sigma-Aldrich), ¥ mmol of molybdenum
chloride (MoCls, =2 99.99% Sigma-Aldrich) (x +y = 1.0,
x =0.4-0.9), and 6 mmol of thicacetamide (CH;CSNH,,
>99.0%, TAA) were dissolved in 40 mL of a solvent
mixture consisting of N,N-dimethyl formamide (DMF,
>99.5%) and distilled water (>10MQ) (v/v = 3:1)
and stirred for 1h at room temperature to obtain
a homogeneous dispersion. The solution was then
transferred to a 50-mL Teflon-lined stainless steel
autoclave, heated to 210 °C, and maintained at this
temperature for 24 h. After cooling to room tem-
perature, the product was washed several times with
absolute alcohol (AR, 2 99.7%) and dried in a vacuum
oven at 60 °C overnight.

2.2 Materials characterization

Samples were characterized using powder X-ray
powder diffraction (PXRD) with a Philips X'Pert Pro
Super diffractometer equipped with Cu Ka radiation
(A =1.54178 A). Their morphologies were determined
using field-emission scanning electron microscopy (FE-
SEM) (JEOL JSM-6700F SEM), transmission electron
microscopy (TEM) (JEM-2100F) with an acceleration
voltage of 200 kV, and HAADEF-STEM using a JEOL
JEM-ARF200F electron microscope (200 kV) with a
spherical aberration corrector. Energy-dispersive X-ray
spectroscopy (EDS) and elemental mapping were also
performed. W Ls;-edge and Mo K-edge XAFS spectra
were collected at the Shanghai Synchrotron Radiation
Facility (BL14W1, SSRF) and the Beijing Synchrotron
Radiation Facility (1W1B, BSRF). The X-ray was mono-
chromatized by a double-crystal Si (311) monochromator
for SSRF and an Si (111) monochromator for BSRF,
respectively. The monochromator was detuned to
reject higher harmonics. The acquired extended XAFS
(EXAFS) data were processed according to standard
procedures using the WinXAS3.1 program [44].
Theoretical amplitudes and phase-shift functions
were calculated with the FEFF8.2 code [45] using
the crystal structural parameters of MoS, and WS,.
Raman spectra were measured using a Renishaw
RM3000 Micro-Raman platform with a 532-nm laser.
XPS measurements were carried out with a Thermo
ESCALAB 250 X-ray photoelectron spectrometer
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equipped with an Mg Ka = 1,253.6 eV source. The
binding energies of the XPS spectral range were
calibrated for specimen charging effects using the
C1s level at an energy of 284.5eV as a reference.
UV-VIS-NIR absorption spectra were recorded with
a Perkin Elmer Lambda 950 UV-VIS-NIR spectro-
photometer. Element distribution was measured using
inductively coupled plasma mass spectroscopy (ICP-
MS) using an Optima 7300DV.

2.3 Electrochemical measurements

Electrocatalytic measurements were carried out using
a standard three-electrode electrochemical workstation,
and 0.5 M sulfuric acid (H,SO,, 70 mL, Ny-saturated)
solution was used as the electrolyte. Carbon rod and
Ag/AgCl electrodes (Pine Research Instrument, saturated
with 3.5 M KCl) were used as the counter electrode and
the reference electrode, respectively. The reference
electrode was calibrated with respect to the reversible
hydrogen electrode (RHE) using Pt sheets as the working
and counter electrodes. In 0.5 M H,SO,, Egpg = Eagiagar
+0.2045 V. Normally, 4 mg of Mo, ,W,S, powder was
dissolved into a solvent mixture consisting of distilled
water (0.75 mL) and isopropyl alcohol (0.25 mL), and
20 uL of a 5% Nafion solution was added to form a
uniform ink after sonication. The ink then was loaded
onto the glassy carbon electrode (GCE, 3 mm in diameter)
at a mass loading of ~0.27 mg/cm? (~ 5 pL). Cyclic
voltammetry (CV) was then carried out with scan rates
of 20, 40, 60, 80, 100, 120, 140, 160, 180, and 200 mV/s
in the potential range from 0.10 to 0.30 V (vs. RHE) to
estimate the electrochemical double-layer capacitances
to obtain the electrochemical active surface area. Linear
sweep voltammetry (LSV) was then performed from
0.05 to —0.30 V (vs. RHE) with a scan rate of 2 mV/s
using a CHI 660E electrochemical workstation. Each
working electrode was cycled for at least 200 cycles
prior to any measurements. The Nyquist plots were
measured at frequencies ranging from 10° to 0.01 Hz
at an overpotential of -200 mV (vs. RHE) with an
amplitude voltage of 5 mV. The I-t curve was measured
for 24 h after CV activation (over 500 cycles) at an
overpotential of —0.175 V (vs. RHE) to investigate the
electrochemical durability of the Moy W55, nanosheets
in acidic solution. All LSV curves were obtained
without iR correction.
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2.4 Theoretical calculations

All the simulations were carried out with a DFT
method based on a plane-wave basis, implemented by
the Vienna ab initio Simulation Package (VASP) [46].
The electron—ion interactions were treated with the
projector augmented wave (PAW) method [47], and
the Perdew-Burke-Ernzerhof (PBE) exchange and
correlation functional developed by Perdew, Burke,
and Ernzerhof was used [48]. An energy cutoff of
400 eV and a 5 x 7 x 5 k-point Monkhorst-Pack grid
[49] was used for the static calculations with a 2 x 2
supercell. Slab models with a vacuum layer thickness
of 20 A were used, and interlayer ammonium ions were
considered. The calculations for hydrogen adsorption
were spin-polarized. The total energy and force
convergence criteria were less than 10° eV and
-0.01 eV/A, respectively. A T'-type phase with a zigzag
chain [50, 51] was used to simulate the distorted MoS,,
WS,, and Moy ;sW,255,. Based on the model used by
Norskov [52], the adsorption free energy of hydrogen
was calculated as

AGH» = AEH* + AEZPE - TASH

where ALy is the hydrogen chemisorption energy,
AEzp; is the difference in the zero point energy,
and TASy is the entropy contribution between the
H-adsorbed state and H, in the gas phase. ASy was
replaced by -1/2-S(H,) at standard conditions of T =
298 K and pressure =1 atm.

3 Results and discussion

3.1 Synthesis and characterization of the Mo, \W.S,
ultrathin nanosheets

In our experiments, gram-scale (Fig. S1 in the Electronic
Supplementary Material (ESM)) metallic Mo, \W,S,
ultrathin nanosheets were synthesized through a facile
bottom-up wet chemistry method; further details
can be found in the experimental section. Figure 1(a)
shows a typical TEM image of the obtained Mo;_\W.,S,
nanostructures, which exhibit a curly structure. In con-
trast, pure MoS, and WS, synthesized under the same
conditions are likely to form aggregates or large sheets
(Fig. 52 in the ESM). Furthermore, the coexistence of
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the elements Mo, W, and S was demonstrated from
the EDS analysis; the copper signal originated from
the copper substrate (Fig. S3 in the ESM). Elemental
mapping of the Mo,_,W,S, nanosheets (Figs. 1(b)-1(e))
further indicates the homogeneous distribution of the
elements Mo, W, and S throughout the entire samples.
The high-resolution TEM (HRTEM) image of the
Mo, ,W,S; nanosheets (Fig. 1(f)) shows many upright
edges of layers (less than 5 layers) and a distinctly
enlarged interlayer spacing of greater than 10 A,
revealing that a two-dimensional layered structure
with an expanded layer spacing is obtained. To
illustrate the structure clearly, we have depicted the
simple layer structure in Fig. 1(g). Further elemental
components and structural evidence will be given in
following sections.

To confirm the chemical composition of the as-
obtained Mo;_.W,S, nanosheets, we used ICP-MS. The
detailed atomic ratios of several Mo; ,W,S, catalysts
are listed (see Table S1 in the ESM), indicating that the
value of x ranged from 0.11 to 0.60 in various samples.
To explore the crystal structure of these samples, PXRD
analysis was carried out. As can be seen in Fig. 2(a)
and Fig. 54 in the ESM, the XRD patterns of the
Mo;,W.,S, nanosheets synthesized with various ratios

matched well with those of the metallic binary materials.

Figure1 (a) TEM, and (b)—(e) element mapping images of metallic
ultrathin Mog 75Wy,5S, nanosheets, indicating the homogeneous
distribution of Mo, W, and S. (f) HRTEM images of metallic
ultrathin Mo, , W, S, nanosheets with enlarged interlayer spacing.
(g) A structural model of the Mo, W,S, layers with the inter-
calation of ammonium ions.
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The most intense peak for each sample, centered at
<10°, is the (002) diffraction peak, which corresponds
to the individual interlayer spacing value. This result
is obviously different from that of the standard TMD
structure in Fig. 2(a), but it is consistent with NH*-
intercalated results [40, 41]. To prove the successful
intercalation of NH* into the Mo, W.,S, nanosheets,
we performed differential scanning calorimetry (DSC,
see Fig. S5 in the ESM), and the obvious desorption
peak at ~ 230 'C matched well with our previous reports
[40, 41]. For further verification, we measured the PXRD
of the annealed sample (Fig. S6 in the ESM). Peak shift
to high degree was observed, indicating decreased
interlayer spacing after thermal annealing. It is worth
noting that the annealed Mo, ,W,S, nanosheets also
had an enlarged interlayer spacing (~ 0.67 nm) in
contrast to that of annealed binary samples in our
previous reports [40, 41]. Meanwhile, all as-prepared
ternary and binary samples exhibited expanded
spacing; values for the different samples are shown in
Fig. 2(b). Here, the interplanar distance (d) is calculated
from the Bragg formula: 2d'sin 0 = nA, where 6 and A
represent the incidence angle and the X-ray wavelength
(1.54178 A), respectively. Most of the ternary Mo, \W,S,
nanosheets have an interlayer spacing of > 10 A, which
is consistent with the HRTEM result above. We suggest
that ternary materials obtain a larger spacing than
their binary counterparts, probably due to the distorted
in-plane structure from the combined effects of
heteroatoms and NH*-intercalation.

3.2 Electrocatalytic HER performance of the
Mo,_.W.S, ultrathin nanosheets

To study the connection between the W/Mo ratio and
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catalytic activity, we evaluated the electrocatalytic water
splitting performance of the as-obtained Mo; \W,S,
nanosheets using a standard three-electrode electro-
chemical testing apparatus in N,-saturated 0.5 M H,SO,
solution (see detailed data in Experimental section).
The total mass of the dropcasted Mo,_,W,S, nanosheets
was quite small, and a thin black film was formed
after drying at room temperature. The polarization
curves with no iR correction, in which the area current
density is plotted against the applied potential vs.
the RHE, demonstrate the HER behavior of various
Mo, \W,S, nanosheets compared with 20% Pt/C
(Fig. 3(a)). The highly crystalline WS, sample exhibited
very inert HER activity, close to that of bulk WS,
which was probably due to high resistance and a low
number of exposed active sites (see Fig.2(a), and
Figs. 52(a), S7, S8(a) and S8(b) in the ESM). Similarly,
highly agglomerated MoS, showed only slightly better
performance (Figs. S2(b), S7, S8(c) and S8(d) in the ESM).
Interestingly, when the heteroatom was introduced
into MX, products (M = Mo, W), their electrocatalytic
activity was dramatically enhanced, as proved by their
higher catalytic current and lower overpotentials. For
instance, the Moy ;sW, .55, nanosheets showed the best
performance, exhibiting a very low onset potential
of 96 mV vs. RHE before correcting for iR losses.
Moreover, an applied potential of only -155mV vs.
RHE was required to obtain an electrocatalytic current
density of 10 mA/cm?, which is slightly superior to any
previous reports (see Table S2 in the ESM). However,
further increasing or decreasing the W content to
greater to or less than x = 0.25 resulted in fading of the
HER behavior to a large extent, as seen in Fig. 3(a).
This fading probably resulted from combined effects
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Figure 2 (a) XRD patterns of Mog 75Wy25S, nanosheets compared with their binary counterparts. (b) Corresponding interlayer spacing

calculated from XRD data.
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Figure 3 (a) Polarization curves and (b) corresponding Tafel slopes of several Mo, ,W.S, nanosheets prepared with different atomic
ratios, and of commercial 20% Pt/C catalyst. (c) Nyquist plots of various samples over the frequency range from 10° to 0.01 Hz at a set
overpotential. (d) /¢ curve obtained at overpotential # = 175 mV vs. RHE for 25 h in 0.5 M H,SO,.

of changes in the interlayer spacing, exposed active
area, and metallic phase concentration. Additionally, we
suppose that these variables would have interrelated
effects on the electrochemical activity of the catalysts;
the expanded spacing would weaken the interlaminar
force to nearly single layer nature and simultaneously
distort the in-plane arrangement, thus enhancing the
metallic property and increasing the number of surface
active sites.

The high intrinsic HER performance of the MoyzW25;
nanosheets (x = 0.25) was further assessed by calculating
their Tafel slopes. Tafel analysis demonstrated that
the incorporation of W from a suitable source
significantly decreased the slope to 67 mV/dec, which
was smaller than that of the samples with any
other ratios. This indicated that the HER moved to a
Volmer-Heyrovsky pathway, which is one of the more
favorable mechanisms for electrocatalytic hydrogen
evolution, with a fast discharge reaction (H;O" + e” —
H.,4s + H,O) and desorption process (H,q4; + H;O" + e —
H, + H;O) (Fig. 3(b)). In addition, rapid charge transfer
is critical for HER performance. We performed
electrochemical impedance spectroscopy (EIS) at a
set overpotential to investigate the electrode kinetics
in HER. The experimental data is shown in Fig. 3(c).
In the Nyquist plots of all materials, only four

TSINGHUA
UNIVERSITY PRESS

semicircles are observed, except for the typical Warburg
impedances, indicating that mass transport is sufficiently
rapid, and the reaction is kinetically controlled. For
comparison, the EIS of binary materials showed
impedances much greater than those of the ternary
samples (Fig. S7 in the ESM). As compared to the
samples with different ratios, the Mo, ;5Wy25S, nano-
sheets had lower charge transfer resistance (R = 15 vs.
84, 107, and 126 Q) for x = 0.11, x = 0.33, and x = 0.60,
respectively, obtained from the intercept at the x-axis),
corresponding to very favorable charge transfer kinetics
with effective transport and a decreased recombination
rate. The difference in the HER performance of these
five catalysts could also be attributed to their electro-
chemically active surface area. We evaluated the relative
number of active sites from the electrochemical
double-layer capacitance (EDLC), calculated from the
data of capacitive current vs. scan rate. As shown in
Fig. S9 in the ESM, all the CV curves had a slightly
distorted rectangular shape, implying an EDLC-
dominated process. The Moy 7sW,55; nanosheets had
the largest EDLC value, ~9.42 mF/cm?, compared to
the other three samples (4.24 mF/cm?, for x = 0.11, x =
0.33, and x = 0.60, respectively), demonstrating its larger
active area. The EDLC values of the corresponding
binary materials demonstrated obviously smaller active
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areas (Fig. S8 in the ESM). The ideal surface of the
Moy 75Wy.255; nanosheets may play a key role in their
different HER behavior, which is similar to the result
reported by Jin and co-authors [53]. Furthermore,
electrochemical stability, a very important criterion
in judging HER performance, is necessary for any
electrode material. To probe the durability of Mo, \W,S,
nanosheets in acidic surroundings, their long-term
stability was assessed over 24 h under a constant
potential. It is noteworthy that, as shown in Fig. 3(d),
the current density declined only negligibly for our
sample, and always retained almost 90% after long-
term testing.

3.3 Detailed measurements of the atomic structure
of the ultrathin Mo,_,W.,S, nanosheets

To confirm that the Mo,_W.S, nanosheets had a local
distorted structure, synchrotron-radiation-based XAFS
was carried out, as shown in Fig. 4. XAFS can investigate
the coordination surroundings and the local bond
lengths of a given component as central atom.
Figure 4(a) shows the oscillation function curves of the
W Ls-edge in the k range 3-11.5 A~ for four different
Mo;_.W.S, nanosheets with different x values in contrast
with a foil sample. The xx(k) of these Mo, ,W.S,
nanosheets are significantly different from that of
the foil, indicating a remarkable change in the local
atomic arrangements. Furthermore, the Fourier trans-
form (FT) spectra in real space can identify the nature
of this alteration. As shown in Fig. 4(b), the FT curve
of the foil is characterized by two main peaks at ~ 2.00
and ~2.86 A, corresponding to the nearest W-S and
W-W bonds from the first and second shell, respec-
tively. In contrast, the FT curves of Mo, ,W,S; nanosheets
indicate that the intensity of all peaks decreased,
probably owing to the presence of many defects due
to the solvothermal synthesis method. Furthermore, the
lengths of the nearest metal-metal bonds noticeably
shifted from ~ 2.86 to ~ 2.67 A. The decreased bonding
length strongly demonstrates the distorted structure.
Similarly, obvious shifts of the Mo K-edge were observed
(Figs. 4(c) and 4(d)). A noticeable alteration was also
seen in the X-ray absorption near-edge spectroscopy
(XANES) (Fig. S10 in the ESM). The quantitative
structural results of the different Mo,_.W.,S, nanosheets
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Figure 4 (a) The synchrotron-radiation-based XAFS spectra
showing the W Ls-edge oscillation functions x’y(k) and (b) the
corresponding FT spectra in real space. (c) Mo K-edge oscillation
functions x’y(k) and (d) the corresponding FT analysis. (e) and (f)
Typical HAADF-STEM images of Mog75W,5S, nanosheets.
These results clearly confirm the distorted metal-metal bonds in
the Mo;_,W.S, nanosheets and coexistence of heteroatoms.

were fitted from the EXAFS data and summarized
(see Table S3 in the ESM), using the ARTEMIS module
of IFEFFIT and the USTCXAFS software package.
The direct observation of the atomic arrangement
was explored using the high-resolution HAADF-STEM
images in Figs. 4(e) and 4(f). As shown, unique zigzag-
chain lattices with a nearest metal-metal distance
of 2.78 A were achieved, which is similar to that
of metallic binary TMDs we have reported, but
distinctively shorter than that for 2H-phase TMDs
[40, 41]. Additionally, two kinds of atoms with different
brightness were present, and several brighter atoms
are highlighted using a red dotted circle. This effect
is probably caused by the Mo and W atoms, due
to their different atomic numbers (Fig. 4(f)). Clearly,
the parsed bond length was in agreement with the
observation in Figs. 4(e) and 4(f). The distorted structure
could be further confirmed from the Raman scattering
features. In Fig. S11 in the ESM, each sample displays
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two obvious peaks, corresponding to Ej; and A,
features, respectively, which correspond to TMDs
with 2H structure. Meanwhile, all materials showed
additional Raman features in the low-frequency region.
These additional peaks in the different samples can
be explained by the existence of a distorted zigzag-
chain superlattice, which is in agreement with the
observations from XAFS and HAADEF-STEM. It is
worth noting that Moy7sWj,55, showed relatively
stronger peaks at low frequency (dotted area) than
others, which to some extent reveals that the concen-
tration of the distorted structure was higher in our
as-obtained sample. To summarize, the existence
of the distorted in-plane superlattice structure was
confirmed from the changes in the atomic arrangement
that we detected.

3.4 Metallic phase concentration of different
ultrathin Mo,_.W.S, nanosheets

The distorted superlattice structure in TMD would
lead to the existence of a metallic phase. To directly
determine the chemical states, and even the metallic
phase concentration and optical absorption properties
for the Mo,_,W.S, nanosheets, we characterized them
using XPS and UV-VIS-NIR spectra. The XPS survey
data (see Fig. S12 in the ESM) revealed the coexistence
of Mo, W, S, and N. Figures 5(a)-5(c) show the high-
resolution XPS spectra of the Mo 3d, W 4f, and S 2p
signals, respectively. In these visual regions, the signals
of the bulk crystal occurred at 229.1 and 232.2 eV (green
lines), corresponding to the Mo*" 3ds, and Mo* 3d;,
of 2H-MoS,. For the Mo, ,W,S, nanosheets, two peaks
appeared at 229.1 and 232.2 eV, indicating the presence
of a partial semiconductor phase. However, it is notable
that two main peaks located at 228.1 and 231.1 eV
with a large shift in their binding energy (~ 1.0 eV)
appeared (red lines). Moreover, similar downward
shifts for W 4f and S 2p can also be observed. These
results are consistent with the previously reported
metallic nature of chemically exfoliated Mo/W-based
MX, materials [33, 34, 42]. Therefore, all the analyses
of the XPS spectra directly demonstrated the presence
of a metallic phase in the ultrathin Mo, W.S, nano-
sheets. The metallic phase concentration in these
nanosheets was further calculated based on the Mo 3d
spectra (Fig. 5(a) and Figs. S13(a)-S13(c) in the ESM).
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Figure 5 (a)—(c) High-resolution XPS spectra of Mo 3d, W 4f,
and S 2p core level peak regions of the as-prepared Moy 75Wg25S,
nanosheets, respectively. (d) UV-VIS-NIR spectra for various
Mo,_,W.,S, nanosheet powders.

The diverse metallic phase concentration (54%-90%)
was obviously reflected in the XPS spectra. The catalytic
behavior of these nanosheets is affected mainly by
this difference, which will be summarized later. The
metallic property of Mo;_,W.S, nanosheets was further
confirmed by the absorption spectra (Fig.5(d)), in
which characteristic signals of metallic species, exhibiting
intense total absorbance over a large wavelength
range, can be observed.

3.5 Relationship between HER and metallic phase
concentration

In Fig. 6(a), we summarize the relationships between
the W atom ratio (%), metallic phase concentration,
and overpotential at 5 mA/cm? A near-linear relationship
between the metallic phase concentration and potential
at 5 mA/cm? can be seen, which to some degree
indicates that the excellent HER performance could
be attributed to the metallic property and intrinsic
activity. Interestingly, the controlled incorporation
of W optimized the metallic phase ratio in Mo, \W,S,
nanosheets. Moy 7sW25S, showed the best catalytic
behavior among our prepared materials. To gain an
in-depth understanding of the catalytic activity of
these Mo;_,W,5, nanosheets, the hydrogen turnover
frequency (TOF) values calculated from the EDLC
and polarization curves are shown in Fig. 6(b). The
Moy 7sWy255, nanosheets had a TOF of 0.3 H, per
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Figure 6 The relationship between HER and metallic phase con-
centration. (a) The connection between W content, metallic phase
concentration, and overpotential at j = 5 mA/cm?. (b) The TOF of
different samples calculated from the EDLC and polarization
curves.

second and 1.3 H, per second at overpotentials —200
and -300 mV vs. RHE, respectively, which are the
highest values among these catalysts. The exchange
current density (J.,), one of the most important elec-
trochemical parameters, to some degree intuitively
reflects the kinetic activity and the reversibility of
the electrode reaction. Here, |, was obtained by the
extrapolation of the Tafel slopes (see Fig. S14(a) in the
ESM). The Moy ;5W 255, nanosheets displayed a large
Jex Of 92 pA/cm?, indicating the lower barrier from
kinetics and the high-performance electrode reaction.
For direct comparison, the concentration of the metallic
phase vs. ], is shown in Fig. S14(b) in the ESM, and an
obvious advantage was exhibited for the Moy ;sW255,
nanosheets.
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3.6 The first-principles calculations

Taking the above-mentioned analyses into account, to
further investigate the feasibility of Mo, ,W,S, as HER
catalysts, first-principles calculations were performed
(see computational details in Experimental section).
Pure metallic WS,, MoS,, and Moy ;W55 with interlayer
ammonium ions and distorted T-type structures (1T"
phase) were used as models (Fig. S15 in the ESM).
The calculated band structures of WS,, MoS,, and
Moy 75W.255; are depicted in Fig. 7(a)-7(c), confirming
the observed metallic behaviors in the experiments.
The Gibbs free energy, which is considered an important
factor in the evaluation of HER activity, should be
zero for an optimum intermediate state. To compare
the theoretical performance of the materials, the Gibbs
free energies were calculated (Fig. 7(d) and Table S4
in the ESM). The calculation results indicated poor
electrocatalytic HER performance of WS, compared
with MoS,. The free energy of pure WS, is 0.332 eV,
more positive than that of MoS, (0.242 eV). Notably,
the optimized Mo,_,W.S, structure resulted in obviously
improved adsorption—desorption behavior (0.119 eV)
with enhanced HER kinetics compared to metallic
MoS,. From this, we can conclude that the metallic
Moy 7sWi255, can be regarded as an excellent HER
catalyst based on theoretical calculations. The enhanced
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‘
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Figure 7 (a)—(c) Calculated band structures along high symmetry K-points from I" (0, 0, 0), X (0, 0.5, 0) to M (0.5, 0.5, 0). (d) Calculated
free energy diagram of adsorbed hydrogen on the surfaces of WS,, MoS, and Mo 75 W 25S,.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



1696

catalytic performance of Mo,_,W,S, relative to MoS,
also demonstrates the advantage of ternary metallic
Moy75Wo255; in HER. In brief, this result highlights
the significance of our work in the field of synthesis
of high metallic phase concentration LTMDs, and the
vital role of metallic features in HER catalysis.

4 Conclusions

In summary, a simple bottom-up method for the large-
scale synthesis of high-metallic-phase-concentration
ultrathin Mo, ,W,S, nanosheets with enlarged interlayer
spacing was developed. The electrocatalytic HER activity
of Mo;_\W.S, can be modulated by controlling the
ratio of the components. Detailed characterization
revealed that the favorable kinetics, metallic conductivity,
and large exposed active surface area could enable
better HER performance in Mo;_W,S, with expanded
interlayer spacing. Notably, the optimized Moy ;5W255;
nanosheets exhibited excellent cycling stability and
interesting HER behavior, with the lowest overpotential
of —0.155 V at =10 mA/cm? (not iR corrected) and the
smallest Tafel slope of 67 mV/dec, as compared to
Mo, ,W,S, with other x values. This method provides
a simple approach to mass-produce low-cost and
highly active two-dimensional layered catalysts with
high metallic phase concentration, thus opening the
door to further exploration of their specific applications.
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