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“Band gap engineering” in two-dimensional (2D) materials plays an important role in tailoring
their physical and chemical properties. The tuning of the band gap is typically achieved by
controlling the composition of the semiconductor alloys.l'3 However, large-area preparation of 2D
alloys remains a major challenge. Here, we report the large-area synthesis of high-quality
monolayer MoSy.xSexx with a size coverage of hundreds of microns using a chemical vapor
deposition method. The photoluminescence (PL) spectroscopy results confirm the tunable band gap
in MoSy1x)Sex, which is modulated by varying the Se content. Atomic-scale analysis was
performed and the chemical composition was characterized using high-resolution scanning
transmission electron microscopy and X-ray photoemission spectroscopy. With the introduction of
Se into monolayer MoS,, it leads to enhanced catalytic activity in an electrochemical reaction for
hydrogen generation, compared to monolayer MoS, and MoSe,. It is promising as a potential

alternative to expensive noble metals.
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1 Introduction

Layered transition metal dichalcogenides (LTMDs) such as MoS; and MoSe; have attracted
considerable attention because of their special properties in batteries,” gas sensors,’ transistors™’ and
catalysts.® Decreasing the layer number down to a monolayer triggers a transition from an indirect
band gap to a direct band gap.”'® This novel property provides monolayer LTMDs with excellent
potential for applications in optoelectronics and electronic devices.”'' To enhance the
optoelectronic device performance, the achievement of a tunable band gap plays a key role.
Substantial efforts have been made to modulate the band gap of 2D materials, like chemical

1% the presence of biological species.”” Recently, theoretical

doping,'* ion intercalation,
calculations and experimental investigations have demonstrated a tunable band gap for 2D
semiconductor alloys.'>"'®"* Chen et al. reported that a tunable band gap can be achieved from 1.82
to 1.99 eV in a monolayer Mo, «W,S, alloy cleaved from bulk crystals.'” Chemical vapor deposition
(CVD) or physical vapor deposition (PVD) have also been utilized to synthesize MoSy(1-x)Sexx
monolayer alloys with a tunable band gap by varying the S content.'*'” Currently, the monolayer
MoS;(1-x)Sexx has been demonstrated with a size of ~ 50 um achieved by using inorganic precursors
in a CVD process.' The larger size of monolayer MoS;(1-x)Sexx synthesis has also been reported by
using organic precursors in a CVD process.'” However, the organic precursors generally cause a
carbonaceous layer staying on the surface of the as-grown monolayer,19 which could modify the
electrical and optical properties of monolayer MoS,(1.x)Sex. For real applications of monolayer
LTMDs in transistors, large-scale synthesis and the clean surface would make monolayer
LTMD-based integrated digital and analog circuit fabrications feasible.’ In this paper, we report

the large-area synthesis of high-quality monolayer MoSy(i.x)Seax with several-hundred-micrometer

size coverage using a CVD method. Optical microscopy (OM), atomic force microscopy (AFM),
3
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Raman spectroscopy and X-ray photoemission spectroscopy (XPS) were utilized to characterize the
as-grown large area monolayer MoS;(.x)Sezc. PL measurements were employed to demonstrate the
band structure of MoS;(ix)Se2x with a tunable band gap of ~300 meV. Atomic scale analysis of the
monolayer MoS;(1.x)Se>x was conducted using high-resolution scanning transmission electron
microscopy (HRSTEM). The electrochemical catalytic activity of the as-grown monolayer
MoS;(1-x)Sexx was also demonstrated in the hydrogen evolution reaction (HER).
2 Results and Discussion

Monolayer MoS(1.x)Sex« alloys were synthesized on a SiO,/Si substrate at atmospheric
pressure using a CVD method (details in Methods). Fig. 1a presents a schematic illustration of the
single-zone tube furnace employed for the growth of the monolayer MoS;(i.x)Seax alloys. S and Se
powders were placed in the upstream side of the MoO; powder loaded in the middle of the tube
furnace. During the growth, a mixture of argon-hydrogen (5%) gas with 50sccm was utilized as the
carrier and reduction gas. As we know, hydrogen is more reductive than sulfur and the chemical
reactivity of Se is much lower than that of S. With the introduction of Hj, the reduction of MoO; to
MoOs« becomes much easier, which facilitates the further reactions. However, the growth of
transition metal dichalcogenides can be restrained if the concentration of hydrogen gas is too high.21
Therefore, with the consideration of both reaction kinetics and size control, we chose 5% hydrogen
gas mixed with argon gas for the synthesis. Fig. 1b presents a representative OM image of the
as-synthesized monolayer MoS; 2,Se 75 alloy, which shows the hundreds of microns size of the
monolayer. Fig. 1c is the corresponding high magnification OM images of the as-grown monolayer
MoS; 22Seq 75. The optical images of monolayer MoS,(1.x)Sexx with different Se content are shown in
Fig. S1. The thickness of the as-grown monolayer MoS;,,Sep7s was characterized by AFM (Fig.

1d). The height profile in the inset of Fig. 1d indicates that the measured thickness was ~ 0.71 nm,
1
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which is consistent with the previously reported value.”

Raman spectroscopy was utilized to characterize the phonon vibration mode properties of
the as-grown MoS,1x)Sex. Fig. 2a presents the Raman spectra of the as-synthesized monolayer
MoSy1xSexx (x=0, 0.11, 0.39, 0.51, 0.61, 1). There are two sets of peaks in the Raman spectra,
which are corresponding to MoS, representative feature (~ 400 cm™) and MoSe; typical feature (~
240 cm'l), respectively. By increasing the Se content in the monolayer MoS;(;.x)Seax, the MoS;-like
E%g and A, modes shift to low frequency. Monolayer MoS, consists of three identical sub-layers,
one layer of Mo atoms sandwiched by two planes of sulfur atoms.*? The Mo atoms are bonded with
six S atoms forming Mo-S bonds symmetrically. Three Mo-S bonds are above the Mo atoms plane,
and three Mo-S bonds are below the Mo atoms plane (Fig. S2a).” As the Se atoms substitute for
part of the S sites, the original MoS, crystal symmetry is broken because of the local distortion from
the introduction of the Se atoms with larger atomic radius.?* This distortion changes the bond length
of the original Mo-S and Mo-Mo bonds. Therefore, an external tensile strain is exerted on the
original MoS, lattices, which softens the atomic vibrations of the E%g and A;, modes of MoS,.”
By increasing the Se content in the monolayer MoS;(i.x)Sexy, the tensile strain increases, leading to
the red shifts in the E%g and A, vibration modes. In the monolayer MoSe,, the E%g and A, mode
are located at 286cm™ and 240cm™. With the introduction of Se in the monolayer MoSy(1Sexy, the
MoSe; like E%g and A, modes emerge and become more and more predominant, which agrees
with the reported result.”

Fig. 2b demonstrates that the PL peak feature in the monolayer MoSy(;.x)Sex shifts toward
longer wavelength with an increase of the Se content. The correlation of the band gap as a function
of the Se content is demonstrated in Fig. 2c by extracting the PL peak locations from Fig. 2b. The

increase of Se content reduces the band gap in the monolayer MoSj(1x)Seay, in agreement with our
5
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theoretical calculations as shown in Fig. 2c¢ (details in Methods). According to the molecular orbital
theory, most features of MX, (M= Mo, W; X=S, Se) are associated with the non-bonding d bands,
which are located within the gap between the bonding ( ¢ ) and anti-bonding ( ¢ *) bands of M—X
bonds (Fig. S2, Supporting Information).””** The formation of the d bands is dominated by several
factors, such as the crystal structure and inter-nucleus distances of M-X, M-M, and X-X.?® For the
2H MoX; (X=S, Se), the non-bonding d bands are mainly derived from the Mo-d,?, Mo—dxz_yz, xy and
Mo-dy,.y, orbitals. The dy”.’ yy and dy,, y, orbitals are generally empty, and the Mo-d,* orbitals are
fully occupied. The gap between the Mo-d,” and Mo-dxz_yz,Xy orbitals corresponds to the band gap of
2H M0X2.27'29 The Mo atoms and S atoms are coordinated through ionic-covalent interactions with
electronegativity values of 1.6 and 2.5, respectively.'’~° Compared with the S atom, the Se atom has
a relative smaller electronegativity value of 2.4.>° With the introduction of Se atoms into the MoS,
crystals, the non-bonding d bands broaden resulting from the stronger covalent effects in
MoSz(l-X)Sezx.27’3 ! Therefore, the non-bonding d bands broaden in the structure of monolayer
MoS;(1.x)Sexx, leading to a smaller band gap.27’31 The stronger tensile strain induced by the
substitution of Se atoms for the S sites could also contribute to the reduction of the band gap in
monolayer MoSy(Sex.>> Noting that the calculated band gap values are smaller than that of
experimental data measured from the PL spectra. We attribute it to the standard
exchange-correlation functions of the generalized gradient approximation (GGA) used in the
calculations, which causes the band gap energy reduced.”> XPS was used to examine the chemical
states and the Se content in the as-synthesized monolayer MoS;.xSexx (details in experimental
section). Fig. 3a-c present the detailed XPS scans for the Mo, S and Se binding energies in the
as-grown monolayer MoS,(1xSexx (x=0, 0.11, 0.39, 0.51, 0.61, 1). The binding energies of Mo 3ds)

and Mo 3ds;, are observed at 229.6 and 232.8 eV, similar to the reported values for MoS; or
6
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MoSe,.**** The peaks at 162.7 and 163.9 eV in Fig. 3b are attributed to S 2 ps; and S 2py, binding
energies, respectively.”** In Fig. 3c, the Se peaks at 54.9 and 55.7 eV are indexed to be Se 3ds;, and
Se 3ds), respectively. With increasing the Se content in the monolayer MoSy(1.xSeay, the Se 3p3p»
peak appears and becomes stronger, while the intensity of S 2p;, and S 2p3/, peaks decreases. These
results are consistent with previously reported values.”**

HRSTEM was employed to image the distribution of the S and Se atoms in the monolayer
MoS;(1-x)Sexx. Fig. 4a presents a morphology image of the as-synthesized monolayer MoS; 2,Seo 73
that was transferred to the Cu TEM grid with the aid of a poly (methyl methacrylate) (PMMA)
solution (details in Methods). Fig. 4b presents a HRSTEM image of the basal plane of the
as-synthesized monolayer MoS;,,Seg7s alloy. The Mo sites and bi-chalcogen (X;) sites can be
easily distinguished, as denoted by the hexagonal rings of alternative molybdenum and sulfur color
cartoon spheres in each unit. In the HRSTEM imaging, the brightness of the atom is proportional to
the mean square atom numbers of (Z2) along the direction of the electron beam.*® As observed in
Fig. 4b, all the Mo sites have similar brightness and are brighter than most of the X, sites. The
atomic number of Se is 34, which is larger than that of S which is 16. As long as two Se atoms
replace S-S sites, the brightness in the HRSTEM image becomes brighter than that of the original
S-S sites. As one of the S-S sites is replaced by a single Se atom, the S-Se sites become brighter
than the S-S sites but less bright than the Se-Se sites, as denoted by the purple and orange cycles in
Fig. 4b, respectively. Fig. 4c is the magnification of Fig. 4b. The intensity profile in Fig. 4d
corresponds to the brightness of atoms in Fig. 4c, as denoted by the yellow line. The brightness
becomes increasingly bright from left to right, which corresponds to the S-S, S-Se and Se-Se sites,
respectively.

To assess the catalytic activity of the as-grown MoSy(i.xSeay, electrochemical measurements
7
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in a HER were performed in a 0.5 M H,SO4 solution with a three-electrode cell on glassy carbon
electrodes (GCEs) (details in Methods). Monolayer MoS;(1.x)Se,« was transferred to the GCE with
the aid of PMMA solution (details in Methods). To remove the contaminants on the surface of the
GCE, the electrode was cycled several times before any measurements. Fig. 5a presents a schematic
illustration of the HER catalytic activity of monolayer MoS,(;«x)Sexx. The electrons are transported
from the GCE to the monolayer MoS,(ix)Sexx and are eventually trapped by the hydrogen ions. All
the potentials were calibrated to a reversible hydrogen electrode (RHE). The polarization curves of
the catalytic activity for monolayer MoSy.Seax ( x=0, 0.39, 0.51, 0.61, 1) are presented in Fig. 5b.
The glassy carbon is catalytically inactive for the HER, which is confirmed by the polarization
curve of the blank GCE in Fig. 5b. The onset potentials are 300 mV, 273 mV and 279 mV at the
current density of 10 mA/cm® in the MoSy1-xSex (x=0.39, 0.51, 0.61), respectively, which are
smaller than that of MoS, (335 mV) and MoSe; (303 mV). The catalytic current densities in the
MoSy1xSex (x=0.39, 0.51, 0.61) are larger than that of MoS, and MoSe, at a constant
overpotential (The current density at the same potential in our monolayer MoS; is similar to the
reported value of monolayer MoS,”"). It indicates that the ternary alloys exhibit the enhanced HER
catalytic activities compared to the MoS; and MoSe,. The Tafel slope is a typical parameter that is
utilized to evaluate the electrocatalytic activity of the HER. Fig. 5c shows the Tafel slope of the
monolayer MoSy(1xSeax. The MoSy(1.xSexx (x=0.39, 0.51, 0.61) exhibits the lower Tafel slope (100
mV/dec, 119 mV/dec, 106 mV/dec, respectively) than that of monolayer MoSe, (134 mV/dec) and
MoS, (134 mV/dec). Another important parameter to evaluate the catalyst is the electrochemical
stability. To investigate the stability of the monolayer MoS,.x)Sex, we determined the HER
activities of the monolayer MoS,(1x)Seax (x=0.61) at a constant potential of -0.24 V for 22 h. Upon

monitoring the process, only slight degradation of the current density was observed, as
8
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demonstrated in Fig. 5d. This slight degradation may be due to H, bubbles remaining on the surface,
which suppresses the subsequent reaction.*®

In general, the basal plane of MX, (M=Mo, W; X=S, Se) is catalytically inert, whereas the
surface edges as active centers exhibit catalytic activities.”>** The localized edge sites, such as the
unsaturated sulfur atoms on the surface, play a key role in the enhanced catalytic performance of the
HER.*' Fig. 1d reveals the zigzag features at the perimeter of the as-grown monolayer MoSs1-xSex,
which suggests high-index surface planes with a high density of edge sites exposed on the surface.
These edge sites are responsible for the high catalytic performance of monolayer MoS,(1.x)Sexx in
the HER.*** Theoretical calculations indicated that the free energy of hydrogen adsorption plays a
key role in its HER.** The hydrogen adsorption energy on the active edge sites is too weak for
MoS; (A Gy = 80 meV)*** but is too strong for MoSe; (A Gy = -140 meV).* Too strong hydrogen
adsorption energy leads to permanent blocking of the catalytic surface while too weak energy
causes the adsorbate residence time too short for bond breaking.45 With the introduction of Se into
monolayer MoS,, a proper hydrogen adsorption energy can be achieved. As a result, improved HER
catalytic activities are achieved in the MoSy.xSeax (x=0.39, 0.51, 0.61), compared to monolayer
MoS; and MoSe,. Noting that the catalytic current density of MoS;(1.x)Sexx (x= 0.61) is larger than
that of x=0.51 and x=0.39, which may be caused by an improved electrical conductivity of x=0.61
with a narrower band gap.26 The highly active catalysis with stable performance makes monolayer
MoS;(1-x)Sexx a potential candidate to replace expensive noble metals for HER applications.
3 Conclusions

The preparation of large-area 2D material alloys still remains challenging. We reported a

large-area synthesis technique for high-quality monolayer MoS,.xSexx alloys of hundreds of

microns in size using a CVD method. The tunable band gap of the alloys was demonstrated by
9
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controlling the Se content, which was confirmed by PL spectroscopy. Atomic-scale analysis
revealed that defect-free single crystalline monolayer MoSy.x)Sexx was prepared using this
approach. Monolayer MoS,(i.x)Se>x with different Se content shows different HER catalytic
activities. MoSy(1.xSexc (x=0.39, 0.51, 0.61) exhibits higher catalytic activity, compared with
monolayer MoS, and MoSe,. It was explained by the fact that proper hydrogen adsorption energy is
achieved by the introduction of Se into MoS,. Our growth parameters could be used as a general

guideline for the large-area synthesis of other 2D alloys.

10
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4 Experimental Section

Synthesis of monolayer MoS;iySex (x=0.11, 0.39, 0.51, 0.61) alloy: Monolayer
MoS;1xSexx (x=0.11, 0.39, 0.51, 0.61) was grown on a SiO, (300 nm)/Si substrate in a homemade
quartz tube furnace using an atmospheric pressure CVD (APCVD) method. Before growth, SiO,/Si
substrates were sequentially cleaned using sonication in acetone, absolute ethanol and distilled
water for 20 minutes each. The ceramic boat loaded with 30 mg MoO; powder was placed at the
center of the quartz tube, and the cleaned substrates were placed facedown above the boat. Another
two ceramic boats filled with sulfur powder and selenium powder were located in the upstream of
the tube at distances of 12 cm and 8 cm from the center of the tube, respectively. Before heating the
furnace, we purged the system with a mixture of argon-hydrogen (5%) gas for 20 min to exhaust the
air. Then, the furnace was maintained at 655°C for 5 min at a heating rate of 15°C/min with a 50
scem argon-hydrogen (5%) mixture gas as the carrier gas and reduction gas. After the furnace was
naturally cooled to room temperature, monolayer MoSy(.xSexc (x=0.11, 0.39, 0.51, 0.61) alloys
coated the substrates. The Se content in the monolayer MoSy.xSeaxx alloy was modified by
adjusting the weight of the S and Se powders.

Synthesis of monolayer MoS, and MoSe,: The monolayer MoS, growth process is very
similar to the procedure of synthesis of monolayer MoS;(.xSex (x=0.11, 0.39, 0.51, 0.61) alloy by
loading the sulfur powder at the upstream side with a 12 cm distance to the center of the tube.
Regarding the growth of monolayer MoSe,, the only difference in the growth parameters is that the
monolayer MoSe; was grown at 750°C for 20 min by loading the selenium powder at the upstream
side with a 10.5 cm distance to the center of the tube.

Theoretical calculation method: We simulated the band gap of monolayer MoSy(i.xSeax

using CASTEP, a package for the density functional theory (DFT) calculation. We selected the
11



Nanoscale Page 12 of 22

ultrasoft pseudopotentials and used the Perdew-Burke-Ernzerhof (PBE) form of generalized
gradient approximation (GGA) as electron exchange-correlation potential. Plane wave functions
were used at a cutoff energy of 500 eV. We optimized the geometry by relaxed the ions until the
maximum forces were less than 0.05 eV/A and the total energy was converged to 5x10™ eV/atom.
The quantitative analysis of the ratio of S and Se by XPS:
The ratio of S and Se can be calculated from the XPS results by the following formula:*
S/Se = (Is * Fse) / (Ise * Fs)

where Ig and Ig. are the areas under the peaks of S-2p;;, and Se-3psj, respectively; Fs and Fg.
represent the relative symmetric factors (R.S.F) for S-2ps, (0.4453) and Se-3ps, (0.8493)
respectively.

TEM sample preparation: For the TEM observations, we transferred our as-grown
monolayer MoS;(1.x)Sexx onto Cu TEM grids. First, we spin-coated a PMMA layer onto the top of
the monolayer MoS(i.x)Seax on a Si0,/Si substrate at 3000 rpm for 30 s. After baking the substrate
at 100°C for 10 min, it was immersed into a 5 M KOH solution. The KOH solution etched the SiO,
layer, causing the PMMA-caped monolayer MoS,(;x)Sexx to float on its surface. To remove the
etchant and residues, we transferred the PMMA-caped monolayer MoS;(ix)Sexx to the deionized
water and washed the caped monolayer several times. Finally, the PMMA-caped MoS;(i.x)Seax was
scooped onto a Cu TEM grid, and the PMMA was dissolved with acetone droplets.

Transfer of as-grown monolayer MoS;.ySezx onto GCE: We transferred our as-grown
monolayer MoSy(.xSexx onto GCE using the PMMA-solution-based method. The process is
illustrated in Fig. S3 in the supplemental information and is similar to the procedure described

under TEM sample preparation.
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Electrocatalytic measurements: The electrochemical experiment was performed in a
three-electrode cell with an electrochemical workstation. A three-electrode configuration using a
naked glass carbon electrode (GCE, d = 3 mm) adhered with monolayer MoS,x)Sex as the
working electrode, a Ag/AgCl (3 M KCI) electrode as the reference electrode and Pt wire as the
counter electrode. All the results were iR-corrected in the paper, and all the potentials were vs.
reversible hydrogen electrode (RHE). Linear sweep voltamperometry with a scan rate of 5 mV/s
was conducted from 0.2 to -0.75 V vs. RHE for the polarization curve in 0.5 M H,SOs4. The
monolayer MoS,(1x)Sexx was transferred to the naked glass carbon electrode with the aid of the poly
(methylmethacrylate) (PMMA) solution, as illustrated above. The HER tests based on the naked

GCE were used as a control.
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Fig. 1 (a) Schematic illustration for the growth of monolayer MoSy.»Seaxx alloy on SiO,/Si

substrate in tube furnace using a CVD method. (b) Low magnification and (c) high magnification
OM images of as-grown monolayer MoS;,Sep7s. (d) AFM image of large-area monolayer

MoS; 2Se 75 alloy. The height profile presents the MoS; 2,Seq 73 alloy with a thickness of ~0.71 nm.
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Fig. 2 (a) Raman spectroscopy of as-grown monolayer MoS;(.x)Se,x alloy with x values of 0, 0.11,
0.39, 0.51, 0.61 and 1. (b) PL spectroscopy of as-grown monolayer MoS;ix)Sex alloy with x
values of 0, 0.11, 0.39, 0.51, 0.61 and 1. (¢) The bandgap dependence on the Se content in the
as-grown monolayer MoS(1.x)Sexx extracted from (b), consistent with our theoretical calculations

(in red).
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Fig. 3 XPS measurements for Mo, S and Se binding energies with fitted curves in the as-grown
monolayer MoS,(ix)Sex (x=0, 0.11, 0.39, 0.51, 0.61, 1).
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Fig. 4 (a) TEM image of monolayer MoS; »,Sey 7s. (b) HRSTEM image of monolayer MoS; 2,Sey 7s.

The atomic lattice is illustrated by the hexagonal rings of alternating molybdenum and sulfur atoms

denoted by the cartoon color spheres. The orange and purple cycles show that the S-S sites are

substituted by the single Se atom and two Se atoms, respectively. (c) A higher magnification image

of the HRSTEM image in (b). (d) The intensity profiles of the labeled yellow line in (c), which

highlights the single- and double-Se substitutions of the S-S sites.
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Fig. 5 Electrocatalytic performance of monolayer MoS,xSex alloy on GCE. (a) Schematic
illustration of the HER catalytic activity in the monolayer MoS;.xSeax alloy. (b) Polarization
curves of monolayer MoS,(;.x)Sesy, and bare GCE. (c) Tafel slopes of monolayer MoS;.Seax
extracted from the linear part of the polarization curve in (b) and drawn in logarithmic coordinates.
(d) Time dependence of the current density under a constant overpotential of -0.24 V for 22 hours in

the monolayer MoS;(1.x)Sexx (x=0.61).
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