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ABSTRACT: Controlled and tunable growth of chemically active edge sites over inert
in-plane MoS§, flakes is the key requirement to realize their vast number of applications
in catalytic activities. Thermodynamically, growth of inert in-plane MoS, is preferred
due to fewer active sites on its surface over the edge sites. Here, we demonstrate
controlled and tunable growth from in-plane MoS, flakes to dense and electrically
connected edge-enriched three-dimensional (3D) network of MoS, flakes by varying
the gas flow rate using tube-in-tube chemical vapor deposition technique. Field
emission scanning electron microscope results demonstrated that the density of edge-
enriched MoS, flakes increase with increase in the gas flow rate. Raman and
transmission electron microscopy analyses clearly revealed that the as-synthesized in-
plane and edge-enriched MoS, flakes are few layers in nature. Atomic force microscopy
measurement revealed that the growth of the edge-enriched MoS, takes place from the
in-plane MoS, flakes. On the basis of the structural, morphological, and spectroscopic
analysis, a detailed growth mechanism is proposed, where in-plane MoS, was found to
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work as a seed layer for the initial growth of edge-enriched vertically aligned MoS, flakes that finally leads to the growth of
interconnected 3D network of edge-enriched MoS, flakes. The surface energy of MoS, flakes with different densities was
evaluated by sessile contact angle measurement with deionized water (polar liquid) and diiodomethane (dispersive liquid). Both
liquids show different nature with the increment in the density of the edge-enriched MoS, flakes. The total surface free energy
was observed to increase with increase in the density of edge-enriched MoS, flakes. This work demonstrates the controlled
growth of edge-enriched vertically aligned MoS, flakes and their surface-energy studies, which may be used to enhance their

catalytic activities for next-generation green fuel production.

KEYWORDS: edge-enriched MoS, flakes, surface free energy, growth mechanism, CVD, contact angle

B INTRODUCTION

Two-dimensional (2D) transition-metal dichalcogenides
(TMDCs), especially MoS,, have become research focus of
scientific community owing to their unique electronic, physical,
and chemical properties of atomically thin monolayer in
contrast to their bulk counterpart and other 2D materials.' ™
MoS, monolayer has a direct band gap of 1.8 eV," which opens
chances for its application in optoelectronics,” solar cells,” water
disinfection with visible light,6 and high ON—OFF ratio for
next-generation nanoelectronic device applications.7 Moreover,
MoS, has demonstrated potential application in catalytic
activities like highly sensitive sensors, solar hydrogen
production, electrochemical catalysis, and fuel cells.”~"°

To meet the next-generation clean-energy requirement,
MoS, is being investigated in detail for noble-metal free
electrocatalyst in hydrogen evolution reaction.*”"" To enhance
the catalytic activity of MoS,, the active edge sites are preferred
over the inert in-plane MoS,.” Therefore, exposing more edges
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of MoS, flakes by controlling its nanostructure allows the
formation of more active electrocatalyst sites. However,
thermodynamics favors the presence of in-plane growth,
limiting the number of active sites at the MoS, surface. For
hydrogen evolution reaction, the control density of the defects
or edge-enriched MoS, flakes is critical. Therefore, controlled
growth with variable density of edge-enriched MoS, flakes and
understanding their growth mechanism would be one step
closer to realize their great potential in catalytic applications.
To the best of our knowledge, there are limited reports in the
literature to grow edge-enriched MoS, flakes, while there is no
detailed report to grow controlled density of vertically aligned
edge-enriched MoS, flakes, which may limit their great
potential for different catalytic applications.'”™"> Various
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Figure 1. (a) Schematic of tube-in-tube APCVD technique used to grow edge-enriched vertically aligned MoS, flakes. SiO,/Si substrate was placed
on top of MoO; powder in zone 1, (b) temperature profile for MoO; and S powders in zone 1 and zone 2, respectively, and (c) the different growth

conditions and nomenclatures of synthesized samples.

methods have been developed to synthesize different
morphologies of MoS, materials. >’

It has been reported that MoS, flakes can be grown via
hydrothermal synthesis or using molybdenum chloride as a
precursor material."* >’ Furthermore, heterostructure growth
of flowerlike structures has also been reported using graphene
oxide as the template in a hydrothermal-assisted synthesis.”"**
On the one hand, these techniques, especially hydrothermal
process, involve reaction times of over 12—24 h in addition to
the use of dangerous precursors such as molybdenum chloride,
which could potentially form harmful chloride vapors.”” On the
other hand, atmospheric pressure chemical vapor deposition
(APCVD) method has been reported for the growth of MoS,
nanostructures including MoS, 2D flakes via sulphurization or
decomposition of predeposited metal-based precursors or one-
step reaction and deposition of gaseous metal and chalcogen
feedstocks.”” " The MoO; powder and S powder has been
used as Mo and S source and heated at different temperatures
in the simple APCVD chamber at atmospheric pressure.”’ The
temperature gradient during growth and other parameters was
found to impact the growth of MoS, nanostructures.”’ These
reports clearly showed the growth of either in-plane or edge-
enriched MoS, flakes. However, there is no controlled and
successive growth from in-plane to edge-enriched MoS,
reported in literature.

In this work, we describe the large scale, uniform, and highly
reproducible controlled growth from in-plane MoS, to edge-
enriched MoS, in a modified tube-in-tube APCVD technique.
The MoS, flakes were grown at different gas flow rates to
contro] their density from standing alone MoS, flakes to well-
connected three-dimensional (3D) MoS, flakes network. The
detailed morphology, structural, and optical analyses of MoS,
flakes revealed that the growth of vertical MoS, flakes starts
from in-plane MoS,, and with increase in gas flow rate, the
density of edge-enriched MoS, flakes increases to a certain limit
of gas flow followed by the growth of bigger flakes at higher gas
flow rate. The growth of edge-enriched MoS, was also achieved
on varieties of the substrates like SiO,/Si, p-doped silicon,
quartz, carbon fiber, and tungsten sheet using MoO; and S
precursors. Finally, the surface energy of variable-density edge-
enriched MoS, flakes was calculated by using polar and
dispersive liquids in sessile drop contact angle. The results
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reveal that the surface free energy of edge-enriched MoS, flakes
is higher than in-plane MoS, layers. These results showed the
method to grow control density of MoS, flakes and their
surface-energy studies, which may be useful for next-generation
hydrogen evolution reaction and their optimization.

B EXPERIMENTAL SECTION

Synthesis of in-Plane MoS, Flakes to Edge-Enriched MoS,
Flakes. The edge-enriched MoS, few layers with controlled density
were synthesized on SiO,/Si substrate using modified tube-in-tube
growth chamber in the APCVD process. Before the growth, substrates
were sonicated in acetone for 20 min and immediately cleaned with
the nitrogen jet. High-purity MoO; (99.97%, Sigma-Aldrich) and
sulfur powder (99.98%, Sigma-Aldrich) were loaded into two separate
zirconia boats and placed in a small quartz tube closed at one end and
open at other end having a diameter of 36 mm and length of 250 mm.
This small quartz tube was inserted in a big quartz tube having a
diameter of S5 mm and a length of 900 mm as shown in Figure la.
The clean substrate was placed on the top of the boat containing
MoO; powder at the closed end of the smaller tube, while the sulfur
powder was placed at the opposite end of the small tube near the inlet
of the small tube. This arrangement of small tube and precursor’s boats
was then placed into the three-zone APCVD furnace. The close end of
the small tube, the substrate, and MoO; powder was in zone 1, and the
open end and S powder was in zone 2. The distance between the
MoOj; and S powders was ~180 mm. The small tube was inserted into
the big tube in such a way that closed end faced inflow. The schematic
of the modified tube-in-tube APCVD process is shown in Figure la.

The furnace was initially purged with the high flow of argon (Ar;
300 sccm) for 20 min to fill the growth chamber with inert gas and
prevent any other atmospheric gas reaction during the growth. After
the furnace was purged, Ar flow rate was reduced and set according to
different growth conditions. Zone 2 was heated first to create a sulfur-
rich environment in the growth chamber. When the temperature of
zone 2 reached 180 °C, zone 1 containing MoO; powder was also
heated. The heating rates for zones 1 and 2 were 16.7 and 17.5 °C/
min, respectively. The ramp rates for zones 1 and 2 are shown in
Figure 1b. The growth temperature condition of the zones 1 and 2 was
also set according to different growth condition. During growth, the
temperature of the zone 3 reached 90 °C due to heat transfer from the
zone 2 to zone 3. Growth time was 30 min in all the conditions
followed by cooling to room temperature in argon ambient.

Nomenclature of As-Synthesized MoS, Sample. The
nomenclature for the grown samples is shown in Figure lc. The
MoS, samples were synthesized at four different gas flow-rate
conditions 100 sccm (MoS,-100), 125 sccm (MoS,-125), 150 sccm

DOI: 10.1021/acsanm.8b00467
ACS Appl. Nano Mater. 2018, 1, 2356—2367


http://dx.doi.org/10.1021/acsanm.8b00467

ACS Applied Nano Materials

(MoS,-150), and 175 sccm (MoS,-175). The gas flow rate for samples
MoS,-100 to MoS,-175 was changed from 100 to 175 sccm with the
interval of 25 scem to study the effect of gas flow rate on MoS, growth
at the fixed temperatures of 800 °C for zone 1 and 350 °C for zone 2,
respectively.

Characterization of Synthesized MoS, Sample. The grown
MoS, samples were characterized by using field emission scanning
electron microscope (FE-SEM) and Raman and photoluminescence
(PL) spectroscopies. FE-SEM imaging was performed using FEI
Helios NanoLab 400 with a probe current of 0.34 nA and 10 kV of an
accelerating voltage. The FEI Helios NanoLab 400 is equipped with
energy-dispersive X-ray spectroscopy (EDS). The PL and Raman
spectra were measured using a home-built micro-PL/Raman system
consisting of HORIBA iHR 320 Spectrometer equipped with Synapse
CCD, 532 nm continuous-wave laser, and a 100X objective lens. The
532 nm laser was used as the excitation source, and its power was fixed
at S00 W to avoid any heating to the samples. The laser spot size was
~0.5 ym. The same sample area was used for both PL and Raman
measurements. The measurements were performed under ambient
condition (25 °C and 45% relative humidity (RH)). The silicon $19
cm™' Raman peak was used as the reference for the system calibration.
The laser wavelength setting in the spectrometer software was fine-
tuned, until the laser line and silicon Raman peak line are at 0 and 519
cm™!, respectively. Before the measurements, system was calibrated
against the standard silicon peak at $19 cm™ for all four MoS,
samples.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted using a high-resolution (HR) Gammadata Scienta SES-
2002 operating in an ultrahigh vacuum and using SES software 1.2.5. A
monochromatic Al X-ray source (1486.6 €V, anode operating at 12 kV
and 150 W) was used as the incident radiation source. Survey scans
were done on each sample at a pass energy of 100 eV prior to the
elemental scans. Pass energy for the elemental scans was varied from
20 to 50 eV depending on the sample.

X-ray diffraction (XRD) measurements were conducted using the
Rigaku Smart Lab X-ray Diffractometer using the Smart lab Guidance
software. A Cu X-ray source operating at 40 kV and 44 mA was used as
the incident radiation source and operated in the Bragg—Brentano
high-resolution configuration. The HR-TEM images were made in a
JEOL 2000 FX TEM operated using an accelerating voltage of 200 kV
with a 0.28 nm resolution. The samples were prepared from scratching
the MoS, film deposited over the Si substrate over a holey carbon Cu
grid 300 mesh.

Contact Angle Measurements. The surface wetting properties of
edge-enriched MoS, flakes with variable density were measured with
fully automatic and computer-controlled contact angle measurement
setup (Apex Instruments (ACAM-S1)). The contact angle measure-
ment system was equipped with automatic droplet dispenser for
precise and accurate measurement. The droplet size was kept at 3 yL
to avoid the effect of gravity on the measurement. Further, surface
energies for different MoS, samples were calculated by using Fowkes
method. The contact angle with both the liquids was performed at
multiple places on 1 X 2 cm? substrate size, and an average value of
contact angle is reported.

B RESULTS AND DISCUSSION

FE-SEM results of MoS, flakes grown at 100, 125, 150, and 175
sccm gas flow rate at 800 °C in modified APCVD system are
shown in Figure 2. It is clear from the FE-SEM image in Figure
2a that isolated edge-enriched MoS, flakes are observed at 100
sccm gas flow rate. A few of the flakes are combined and form
starlike structures. In MoS,-125 sample, Figure 2b, the density
of edge-enriched MoS, flakes increases in patches, while in
MoS,-150 sample, Figure 2c, the density increases more
uniformly. As the gas flow rate increases to 175 sccm, a well-
connected 3D network of edge-enriched MoS, flakes were
observed, Figure 2d. It has been observed from the SEM images
in MoS,-100 and MoS,-175 sample, that the flake sizes are
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Figure 2. FE-SEM images of edge-enriched MoS, flakes grow at
different gas flow rates of (a) 100, (b) 125, (c) 150, and (d) 175 sccm.
The growth temperature for all these samples was fixed at 800 °C.

larger in nature than MoS, flakes for MoS,-125 and MoS,-150
samples. Because of larger size of the MoS, flakes in MoS,-175
sample, the density of the edge-enriched MoS, flakes is lower in
comparison to MoS,-150. To analyze the edge-enriched MoS,
flakes more closely, high-resolution imaging was performed,
and FE-SEM images are shown in Figure 3a—d.

Figure 3a shows the FE-SEM image at MoS,-100 sample and
reveals less dense nature of edge-enriched MoS, flakes. For
MoS,-125 sample, flakes become more connected and dense,
while with further increase in gas flow rate the density of edge-
enriched MoS, flakes increases more uniformly. However, it
was observed that the MoS, flakes grow bigger in size for the

Figure 3. HR FE-SEM images of edge-enriched MoS, sample grown at
(a) 100, (b) 125, (c) 150, and (d) 175 sccm argon flow and at 800 °C
temperature. FE-SEM images clearly revealed the density of MoS,
flakes is increased continuously from MoS,-100 and MoS,-125 to
MoS,-150, while the size of flakes is increased for MoS,-175 with
comparatively lower density.
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Figure 4. (a, b). XRD spectra acquired from the sample MoS,-100 and MoS,-175. (¢, d) Cross-sectional TEM images of edge-enriched flakes
obtained from the MoS,-100 and MoS,-175 sample. XPS scan of the samples. (e—h) HR elemental scan for Mo and S for MoS,-100 and MoS,-175.

MoS,-175 sample, and the number of edge-enriched flakes per
unit area decreased. The optical images and the color contrast
of the as-synthesized four samples is shown in the Supporting
Information (Figure S1). The SEM images shown in Figure S1
clearly revealed the quality of the uniform growth of as-
prepared MoS, flakes on four samples over the large area. The
uniform growth area of the as-synthesized MoS, flakes varied
from 1 X 2 cm? to 1 in® on SiO,/Si substrate.

The tube-in-tube arrangement plays an important role to
achieve uniform and controlled growth of MoS, flakes on large
area. In one tube circular CVD setup the gas fluid has the
maximum velocity at the center of the tube and zero velocity at
the surface of the tube wall. So, the diffusion of the precursors is
very high, which led to the fast and random nucleation of the
MoS, on the substrate.””*”’* However, in tube-in-tube
arrangement, the gas flow rate is very smaller at the closed
end of the small tube than the gas velocity at the inlet of small
tube.”” Thus, MoS, vapor formed by the vaporization of the S
and MoO; powder deposited slowly on the substrate.
Therefore, the tube-in-tube setup plays an important role to
control the nucleation density and the uniformity even over the
large region.

The growth of MoS, flakes under optimized condition for
edge-enriched flakes (175 sccm and 800 °C) was repeated on
different substrates like carbon fiber, highly doped p-type Si, W
sheet, and quartz substrates. We observed uniform and large
area (1 X 2 cm?) growth of edge-enriched MoS, flakes. The
optical images and FE-SEM images of MoS, flakes grown on
the varieties of substrates are shown in Figure S2 of Supporting
Information. The surface morphology of MoS, flakes clearly
reveals that the present study is highly reproducible to grow
highly uniform MoS, flakes even on different substrates.

To understand and confirm the structural, morphological,
and chemical compositions of the as-grown MoS, samples, we
performed and analyzed XRD on all four samples. TEM and
XPS were performed only for the two extreme samples MoS,-
100 and MoS,-175. The MoS,-100 sample contains the mostly
in-plane MoS, flakes, and as we increased the gas flow rate, the
density of edge-enriched MoS, flakes increases, and MoS,-175
sample contains highly uniform and dense edge-enriched MoS,
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flakes. Thus, we chose these two extreme samples. Figure 4
shows the XRD, cross-sectional TEM, and XPS results.

The XRD spectra for the sample MoS,-100 and MoS,-175
are shown in Figure 4ab. In MoS,-100, three peaks are
observed, namely, two high intense peaks and one weak peak at
14.40°, 44.5°, and 29.08°. These peaks are for the plane of
MoS, corresponding to the (002), (006), and (004) with
respect to the JCPDS Card No. 37-1492. The (002) peak is
representative for the out-of-plane MoS,.”> One very small
peak, which may be due to reduced MoOj, is also observed at
26.00°, marked with star. During the synthesis, MoO; powder
first converts to the reduced MoO; followed by the
sulfurization process, which results in the MoS, formation.
The possible chemical reaction is given in eqs 1 and (2).***°

2MoO; + S = 2Mo0O, + SO, (1)

@)

For MoS,-175, we are getting the four peaks 14.40°, 29.03°,
33.07°, and 44.29°, which correspond to (002), (004), (101),
and (006) planes. The peak corresponding to MoO, is
completely disappeared, which clearly shows the increase in
the uniformity of the MoS,. Furthermore, the peaks in the case
of the MoS,-175 become more intense and sharp. The XRD
corresponding to the other two samples MoS,-125 and MoS,-
150 is shown in Figure S4 in the Supporting Information. The
intensity of (002) peak is increased with increase in the density
of the edge-enriched MoS, flakes.'**”

The typical cross-sectional TEM performed on MoS,-100
and MoS,-175 samples to determine the number of the layers
in the flakes are shown in Figure 4¢,d>® Figure 4c shows that
the edge-enriched MoS, flakes of different thickness ranging
from 1.98 to 4.08 nm implies that MoS,-100 sample has 3—6
layers of edge-enriched MoS, flakes.”® In the case of the MoS,-
175 sample, the cross-sectional TEM data of edge-enriched
MoS, flakes are shown in Figure 4d. The results reveal that
edge-enriched MoS, flakes MoS, flakes are of 4—8 layers, in
nature. Therefore, as the gas flow rate increases the number of
layer in edge-enriched flakes may be increasing,

The great majority of edge-enriched MoS, flakes MoS,
nanosheets have thicknesses varying from 3.15 to 5.6 nm

MoO, + 38 = MoS, + SO,

DOI: 10.1021/acsanm.8b00467
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having an average d-spacing of d = 0.62 + 0.1 nm that is
characteristic of the (001) plane of MoS, having a P3ml
symmetry.”” The above results were made in more than S0
nanosheets, and here are presented only the averages and
representative images to demonstrate the sample consistency.
Furthermore, some of the investigated MoS, nanosheets are
double or triple layers with thicknesses of 0.62 and 1.83 nm,
respectively. Some more TEM images are shown in the
Supporting Information as the Figure SS for these two samples.

The chemical composition and stoichiometry analysis were
performed for the samples MoS,-100 and MoS,-175 by using
XPS, and results are shown in Figure 4e—h. All of the XPS data
are calibrated with the adventitious carbon 1s peak at 284.8 eV.
Figure 4e shows the XPS data corresponding to the MoS,-100.
The lower binding energy peak of 3d5/2 (229.1 eV) and 3d3/2
states (232.8 eV) correspond to the MoS,, while high binding
energy peak of 3d5/2 (229.5 eV) and 3d3/2 states (233.3 €V)
correspond to the MoO,. These respective 3d5/2 and 3d3/2
peaks confirm the presence of MoS, and MoO, in the MoS,-
100 sample, while in sample MoS,-175 in Figure 4f, there is no
presence of the MoO, seen, as the Mo 3d peaks are very sharp
in nature, which reveals the single oxidation of Mo
corresponding to MoS,.

The high-resolution XPS of S 2p spectrum deconvoluted into
two doublets S 2p3/2 and 2p1/2 peaks, which correspond to
$?~ as shown in Figure 4g,h.28 The binding energy for the S
2p3/2 and S 2p1/2 peaks were ascribed at 161.3 and 162.6 eV
for the MoS,-100 sample while at 161.4 and 162.8 eV for the
MoS,-175. The XPS analysis revealed that the chemical
composition of two extreme samples, MoS,-100 and MoS,-
175, is well matched with MoS,.***’

The MoS, edge-enriched flakes were characterized by Raman
and PL spectroscopies, and the data are shown in Figure Sa,b.
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Figure 5. Representative (a) Raman and (b) PL spectra at the
different positions from MoS, flakes samples grown at different gas
flow rate. Raman spectra consist of two strong peaks that correspond
to in-plane, Eig, and out-of-plane, Ay, vibrations of S—Mo—S atoms.
The two PL peaks at 1.8 and 1.9 eV were observed.

Two Raman peaks near 400 cm™ correspond to in-plane (Ezg)
and out-of- f ane (Alg ) vibrations of S—Mo—S atoms in MoS,
molecules.” The peak position, intensity, difference of the
Raman shift for the (A = A, — E;,) and intensity ratio (E5,/
A,p) for two peaks in all four samples are summarized in Table
1. To check the uniformity and quality of MoS, flakes, Raman
data were taken at different areas. The in-plane vibration mode
was observed to vary from 384 to 388 cm™', while out-of-plane
vibration mode was varied from 407 to 411 cm™. It is found
that MoS, flakes grown at different gas flow rate have the
frequency difference (A) between the two Raman modes in the
range of 18—26 cm™', which indicates that the as-grown MoS,
flakes are monolayer to few layers in nature.*"**

In the case of the E2g peak, the Mo atom vibrates in in-plane
and opposite to two S atoms as shown in the Figure Sa, while
for A;; mode Mo atom is in rest, and two S atoms vibrate in
opposite direction in out-of-plane.”* Thus, EZg vibration
preferentially excited for the terrace-terminated MoS, flakes,
and the Ay, is for the edge-enriched MoS,. So, the E%g mode is
preferred by the terrace sites, and A;; mode is preferred by the
edges of the MoS,. Therefore, the intensity arises due to EZg
mode representing the existence of the in-plane MoS, flakes,
while the intensity due to the A;, mode represents the edge-
enriched MoS, flakes.”” As the density of the edge-enriched
MoS, flakes increases, the intensity due to out-of-plane
vibration mode A;; increases. Because of increase density of
the edge-enriched MoS,, density of the in-plane MoS, flakes
decreases, and correspondingly the intensity of the E%g mode
decreases. Hence, with increase of the edge-enriched MoS,
flakes, the ratio of E2 to Ay decreases.”® MoS, flakes
synthesized at 100 sccm have the E2 /Ay, ratio of ~0.58—
0.47 at different areas. The high value of Ezg/Alg at different
areas implies the synthesized flakes in the sample are mostly in-
plane MoS,. At 125 sccm gas flow rate, this ratio reduces and is
found to vary from 0.55 to 0.43 for different areas and confirms
the growth of vertical aligned MoS, flakes. However, for the
MoS, flakes synthesized at 150 and 175 sccm, Eig/Alg ratio is
~0.42—0.39 for the different areas.

This continuous decrease in the ratio shows the density of
edge-enriched flakes increases with gas flow rates. The variation
in frequency difference (A) may be due to the mixed signal
from the single layer, bilayer, and few layers MoS, flakes. The
single, dual, and a few layer MoS, flakes were observed under
HR-TEM. The photoluminescence data of different MoS,
flakes samples are shown in Figure Sb. In all the MoS, flakes
grown at different conditions, we detected two peaks of
different intensities. One peak (named as A) is located in the
energy range of 1.82—1.84 eV, while another peak of low
intensity is located in the energy range of 1.94—1.98 eV (named
as B). The peak at A is due to direct excitonic transition at the

Table 1. Raman and PL Data for Different MoS, Samples”

Raman spectroscopy

PL spectroscopy

position, cm™" intensity, au A(A, — E}) I (By/Asp) peak position, eV

sample Elzg Ay, Elzg Ay cm™! au A B
MoS,-100 386.6 411.2 46.9 99.3 24.6 0.47 1.83 1.98
MoS,-125 385.3 411.1 42.9 99.9 25.7 0.43 1.82 1.95
MoS,-150 387.6 412.3 40.3 100.1 24.7 0.40 1.82 1.94
MoS,-175 386.1 411.1 39.7 99.7 249 0.39 1.82 1.94

“Raman data show the peak position and intensity corresponding to Ezg and A;, modes along with the differences in two peaks (AAlg - Ezg) and
their intensity ratio I (EZg/Alg) The peak positions for both PL signals are shown as A and B, respectively.
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K-point of the Brillouin zone from K, to K, and peak B is due
to exciton transition from K; to Ks.*”** The peak position for
peak A and peak B and other data are listed in Table 1.

The intensity variation within the different samples may
depend strongly on the various parameters like thickness,
defects, strain, and heights of MoS, flakes.” To understand the
growth mechanism, we closely investigated MoS,-100 sample
by using FE-SEM and Raman and PL spectroscopies, and the
results are shown in Figure 6a—d. Figure 6a shows the optical
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Figure 6. (a) The optical image of MoS,-100 sample, area 1,
corresponds to monolayer of MoS, flakes, and the area 2 corresponds
to multilayer MoS, flakes of the same sample at different location. (b)
FE-SEM image of MoS,-100 sample. (c) Raman and (d) PL spectra
recorded at the marked area of the sample.

image, and Figure 6b is FE-SEM image of MoS,-100 sample.
Figure 6¢ shows Raman measurements at two different areas
marked as 1 and 2. At areas 1 and 2, two Raman peaks
corresponding to Ezg and Alg modes of vibration at the 388.5,
407.1 and 386.5, 411.1 cm™ !, respectively, were observed The
observed peak position is similar to previous reports.”* The EZg
mode is red- shlfted by 2.0 cm™, while the A;; mode is blue-
shifted by 4.1 cm™ on area 2 with respect to area 1.

This shift is spotted when the number of layers in MoS,
increases from a monolayer to few layers.* This behavior of a
blue shift in A;, mode is quite strange accordlng to the classical
model of coupled harmonic oscillator.** In MoS,, van der
Waals interaction is responsible for the bonding of the two
consecutive layers, so the restoring force on each atom is
increased with the addition of each layer. Therefore, both
modes should be stiffened with increment in the number of
MoS, layers. However, experimentally, there is a discrepancy in
this prediction, and this is termed as Davydov splitting.*”** It
reveals that frequency shift is not only affected by the van der
Waals interlayer coupling but surface reconstruction and long-
range Coulomb interaction also play an important role.””*’

The frequency difference between the Eig and A, modes for
area 1 and area 2 was found to be ~18.6 and 24.6 cm™!, which
were reported for monolayer and few layers of MoS, flakes,
respectively.”’ This finding is in good agreement with the
HRTEM results, where we can observe those single, double,
and few layers frameworks. Figure 6d shows the photo-
luminescence spectra obtained from the same areas as for
Raman measurement. The relative PL intensity for the area 1
and area 2 is plotted. The two peaks A and B are at the energy
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673.8 nm/1.84 eV and 627.1 nm/1.98 eV for the area 1 and
677.5 nm/1.83 eV and 632.5 nm/1.96 eV for the area 2. The
Relative PL intensity for area 2 is only 18% of the PL intensity
for the area 1. Thus, the higher PL intensity is further
confirming the monolayer Mo§, flakes in the area 1 and the few
layer flakes in area 2. Therefore, Mo0S,-100 sample is the
mixture of in-plane monolayer and out-of-plane isolated few
edge-enriched MoS, flakes.

To further explore and understand the growth mechanism of
the edge-enriched MoS, flakes, we focus on the modified tube-
in-tube process. It was observed that the modified tube-in-tube
arrangement plays a vital role in the growth of edge-enriched
MoS, flakes. The increased gas flow rates only provide an easy
control for the density of flakes and with higher gas flow rates
eventually formed 3D interconnected network of MoS, flakes
seen in MoS,-175 sample. As we can see in the Experimental
Section, we used a modified tube-in-tube chemical vapor
deposition system. The closed end of small tube is placed
facing to the inflow of the gas in a big tube. The positioning of
the small tube inside the larger tube results in the decrease of
the gas flow rate inside the smaller tube by ~5—6 orders of
magnitude than the gas flow rate/velocity at the open end of
the small tube.”” This reduces the deposition rate and allows
nucleation sites to grow very slowly. Observed growth took 30
min as compared to the other reports in literature, where the
growth time is much shorter, occurring in 5—10 min.

To understand the growth in detail, we proposed the
following three-step process involved in the formation of 3D
interconnected MoS, flakes from individual in-plane MoS,
flakes: (i) precursor stage, (ii) nucleation stage, and finally
(iii) growth stage. Figure 7 shows schematic and final FE-SEM
image, morphology stage, of the as-grown MoS, sample. In the
precursor stage, MoO; powder and S powder vaporized at the
growth temperature in their respective zones and formed MoS,
as mentioned in eqs 1 and 2. The condensed MoS, on the
substrate was initially small in size, mostly monolayer and few

(a) Precursor Stage (b) Nucleatlon Stage
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Figure 7. Proposed growth mechanism for edge-enriched MoS, flakes.
(a) The precursor stage during the initial growth of in-plane MoS,. In
this stage of growth, in-plane MoS, is more, which results in
monolayer to multilayer flakes formation on the substrate. (b)
Nucleation stage for the growth of edge-enriched flakes. The incoming
S and Mo atoms adsorbed on the substrate and on the MoS, flakes and
start the growth of edge-enriched flakes. (c) Schematic shows the
growth stage for final as-grown interconnected MoS$, flakes. (d) Cross-
sectional FE-SEM image of the edge-enriched MoS, flakes.
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Figure 8. (a) FE-SEM image of the MoS,-175 @ 700. (inset) The high-magnification FE-SEM image of isolated MoS, flakes. Spot EDS was
recorded at the marked locations #1—3. (b, c) Spot EDS at locations #1 and #2 were observed similar, while EDS at base substrate site, spot #3.

layers in size, as shown in the schematic of Figure 7a. It
provides the seeding platform for the further growth of edge-
enriched MoS, flakes.

In nucleation stage, with increased growth time, the size of
the condensed MoS, on the substrate increases, and thickness is
also increased.™ After a certain critical thickness, surface free
energy increases, which also increases the strain. Thus, curling
force at the boundaries effects the extension of the film and
changes the alignment of the film from the 2D in-plane growth
to 3D out-of-the-plane growth, as shown in the schematic of
Figure 7b. The transition from 2D in-plane to vertically aligned
MoS, flakes follows a standard Stranski—Krastanov (SK)
growth model, where after forming one or more monolayer
subsequent in-plane growth of MoS, becomes unfavorable, and
island or vertically aligned MoS, forms. Wang et al. and others
reported the synthesis of edge-enriched MoS, flakes using
solvothermal and hydrothermal method and edge-enriched
MoS, flakes. The MoS, flakes were observed to grow on the
defective sites.””*”°>>" However, in our case, first in-plane
MoS, flakes grow on the substrate followed by edge-enriched
MoS, flakes due to the coalescence and changing the
orientation from in-plane MoS, flakes to vertical MoS, flakes
as time continues during single step. To further confirm this
hypothesis, we performed atomic force microscopic measure-
ment on in-place MoS, specifically where the growth of edge-
enriched MoS, flakes just started. The AFM results, added as
Figure S7 of Supporting Information, clearly reveal the layer-
by-layer growth of in-plane MoS, and formation of edge-
enriched MoS, on top of in-plane MoS, flakes.

The transition from 2D to 3D growth is not completely
understood, but any factor that disturbs the monotonic
decrease in the binding energy characteristic of layer growth
like stress or other factors may be responsible for this.”” Thus,
the growth of edge-enriched MoS, flakes is the combination of
the in-plane and out-of-plane growth. The in-plane MoS, flakes
then provide the seeding platform for the further growth of
edge-enriched MoS, flakes. This can be seen from Figure 7b,
where edge-enriched MoS, flakes are grown up only where the
coalescence takes place.””>

To test the proposed growth mechanism and observe the
onset of growth for MoS, edge-enriched flakes on in-plane
MoS, flakes, we performed the growth of MoS, at a lower
temperature of 700 °C and at 100 sccm keeping other
conditions identical. It is observed that no deposition occurred
at this condition. Keeping the temperature fixed, we increased
the gas flow rate from 100 to 175 sccm. At 700 °C and 175
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sccm gas flow rate, the initial growth (black patches) were
found. The FE-SEM and EDS result are shown in Figure 8a—c.

Figure 8a shows the FE-SEM image of initial growth with
black patches and few marked nucleation sites. It is clear from
the Figure 8a that onset growth of vertically aligned MoS, only
takes place on top of in-plane MoS, flakes. The black multilayer
MoS, patches may be formed due to coalescing process. The
coalescence process is evident from patches like structures of in-
plane MoS,, which may be formed due to the several mass
transport mechanisms like Ostwald ripening, sintering, or
cluster migration.>

The EDS performed at different locations is given in Figure
8b,c, which further confirms that black patches are MoS, flakes
on the base SiO,/Si substrate. The O peak is coming from the
base SiO, on Si substrate. The FE-SEM results clearly indicate
that in-plane MoS, grows on the substrate and acts as the seed
layer for the further growth of vertically aligned MoS, flakes.

With higher gas flow rate, condensation of the MoS,
increases, which leads to more coalescence of the in-plane
MoS,, resulting in more favorable seed sites for the growth of
edge-enriched MoS, flakes. For the MoS,-100 sample, gas flow
rate is small, so the MoS, flakes have enough time to condense
on the substrate, and they slowly formed the in-plane MoS,
flakes. At the same time in some regions, due to coalescence,
the edge-enriched MoS, flakes start forming as shown in Figure
2a. So, the MoS, vapor also started to condense at these edge-
enriched MoS, flakes. Thus, the height of edge-enriched MoS,
flakes increased with time.

As the gas flow rate increased to 125 and 150 sccm, in-plane
MoS, condensed on the substrate in much less time than the
samples grown up to 100 sccm and provided more seeding
platform for the further growth of edge-enriched MoS, flakes.
Thus, the coalescence takes place in different regions with the
time. Therefore, instead of condensing on the edge-enriched
MoS, flakes, MoS, condensed on the different regions, and the
height of the edge-enriched MoS, flakes is small in comparison
to that of MoS,-100. Beyond 150 sccm of gas flow rate, the
incoming S and Mo atoms have a higher probability to adsorb
further, and this continues on the edges of MoS, flakes in
comparison to the inert plane of vertically aligned MoS, flakes,
which leads to larger size of MoS, flakes with lower density in
comparison to MoS,-150 sample. Therefore, the effective
density of the edge-enriched MoS, in MoS,-175 is less in
comparison to MoS,-150 sample. Figure 7d shows the side view
of the edge-enriched MoS, flakes. The height of mostly edge-
exposed flakes varies from 500 to 600 nm in all areas of the
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Figure 9. Wettability measurements and surface free energy study of different MoS, samples. Contact angle measured on (a) bare SiO,/Si substrate
with DI water. (b) Contact angle variation with DI water and diiodomethane on MoS, flakes synthesized at different gas flow rates. Wetting
phenomenon of DI water with MoS, sample (c) with majority of in-plane MoS, (MoS,-100) and (d) with in-plane MoS, and few layers of edge-
enriched MoS, flakes (M0S,-125). (e, f) Wensel state to Casie—Baxter state transition after the few seconds of droplet stabilization for the highly
dense edge-enriched MoS, flakes (MoS,-150 and MoS,-175). (g) The variation of the total surface free energy with polar liquid and diiodomethane
of MoS, flakes. It shows that the total surface free energy increases in controlled manner when the density of the edge-enriched MoS, flakes

increases.

substrate. The Figure 7d and Figure 8a FE-SEM images clearly
showed that the MoS, flakes growing on the in-plane MoS, are
preferably vertically aligned to the substrate.

Finally, the contact angle measurements were performed on
the different MoS, samples to understand their surface
wettability and surface energies. Surface wettability is an
important property of a 2D material system to understand
the coating behavior, hydrogen evolution reactions, and cell
proliferation.”* ™" However, surface topology, crystallinity, and
chemical composition of MoS, films strongly affect these
properties.”* ™ Previous reports observed hydrophobic nature
of in-plane and edge-enriched MoS, flakes with the contact
angle ranging from 87° to 98°.°"°' 7% Gaur et al. showed that
the variation in contact angle was due to growth temperature
and orientation of the MoS, film from 23° to 98°. However,
prepared MoS, sample was atomically smooth, so the effect of
the roughness is considered negligible.””** Ganesh et al.
observed super-hydrophobic nature of MoS, nanoflowers
grown on graphite paper with a contact angle of 160°.”°
However, the high contact angle was attributed due to the high
surface roughness of the MoS, nanoflower.

In this report, wettability behavior was studied by using two
different liquids, namely, deionized water (DI) water (a polar
liquid) and diiodomethane (a dispersive liquid). The behavior
of the contact angle with a bare substrate for DI water and
MoS, samples for two liquids is shown in Figure 9a,b.

The contact angle study for the synthesized samples with DI
water shows an increase in the contact angle with the increase
in the density of edge-enriched flakes, while contact angle
decreased with diiodomethane for all the samples as the density
of edge-enriched flakes increased. In case of the in-plane
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dominated MoS, sample (MoS,-100 and MoS,-125), the
contact angle for DI water was observed around 87.6° and
95.7° Samples grown at 150 and 175 sccm show the increase in
the hydrophobicity with an increase in the contact angle to
126.2° and 119.3°, respectively. The small decrease in the
contact angle for the sample MoS,-175 also revealed that the
density of the flakes in MoS,-175 sample is less in comparison
to MoS,-150 sample.

However, with diiodomethane, we obtained exactly opposite
nature of wettability behavior for MoS, flakes. The higher value
of contact angle, 41.3° and 26.2°, was observed for the sample
grown at 100 and 125 sccm, while diiodomethane showed
hydrophilic nature for the sample grown at 150 and 175 sccm
with the contact angle of 12.6° and 14.9° respectively. Thus,
clearly DI water and diiodomethane have exactly opposite trend
for the contact angle on variable-density MoS, flakes, and this
can be attributed to the polar and dispersive nature of the
liquids used. All the samples have high density of edges for a
large droplet connecting region. The wetting behavior of the DI
water droplets for the sample synthesized from 100 to 175
sccm is shown in Figure 9c—f. For the MoS, flakes at 150 and
175 scem, density of the edge-enriched flakes is very high, and
thus the contact angle increases for these samples, and droplets
follow the transitions from the Casie—Baxter state to the
Wensel state: decrease in contact angle with time and
saturation after few seconds, as shown in Figure 9ef.
Stabilization of the droplets was studied for 10 min, and no
change in the contact angle value is observed. The contact angle
values for DI water and diiodomethane are affected with the
variation of the density of edge-enriched MoS, flakes within the
sample. To avoid any discrepancy that arises due to variation of
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the edge-enriched MoS, flakes over the large area, the contact
angle with both the liquids was performed at multiple locations
on 1 X 2 cm” substrate, and an average value of contact angle is
reported. The different values of the contact angle at multiple
locations is tabulated in Tables S1 and S2 of the Supporting
Information.

Here we proposed the controlled increase in hydrophobic
nature with DI water and the increase in hydrophilic nature
with diiodomethane are due to change in the orientation of
MoS, flakes from in-plane to out-of-plane edge-enriched MoS,
flakes. Wettability analysis measures the attraction between the
liquid and solid surface, which depends mainly on adhesive and
cohesive forces. The adhesive force is an attractive force
observed between the solid surface and the liquid surface.
Cohesive force is observed between the molecules of the liquid
droplet. The dramatic behavior of MoS, flakes with DI water
and diiodomethane can be attributed to the nature of the
liquids used in the experiment. DI water is a polar solvent with
the surface free energy of 72 mJ/m? and diiodomethane is a
dispersive liquid with the surface free energy of the order 50.8
mJ/m? at room temperature. Polar components of surface free
energy arise due to Coulombic interactions between the
permanent dipoles of atoms/molecules and the induced dipoles
of atoms/molecules present at the surface, while the
interactions due to fluctuations of the charge distribution in
the atoms/molecules give rise to the dispersive interactions.®”

In the case of the DI water, the small increase in the contact
angle value for the MoS,-100 and MoS,-125 is similar to
previous reports for in-plane MoS, flakes.’"****7%* The
variation of the contact angle for the DI water in all four
samples may be due to the surface roughness and the increased
density of the edge-enriched MoS, flakes.”***%°™%* To
understand more clearly, we studied the surface roughness for
all four samples. To avoid any discrepancy, we measured the
surface roughness at the multiple locations. The surface
roughness is observed to be 87.6, 93.3, 60.4, and 55.7 nm for
MoS,-100, MoS,-125, MoS,-150, and MoS,-175 samples,
respectively. The data are shown in Figure S3 of the Supporting
Information. It has been found that the surface roughness is
higher for the samples of MoS,-100 and MoS,-125 in
comparison to that of MoS,-150 and MoS,-175. However,
the contact angle is higher for the samples MoS,-150 and
MoS,-175. Thus, the surface roughness study revealed that the
density of the edge-enriched MoS, flakes is the dominant factor
to determine the contact angle value for the DI water.

The edges have the reactive sites in the form of the S
vacancy, dangling bonds and the active sites.'>**°® DI water as
a polar liquid affected these active sites, and thus the contact
angle with DI water increased with these edges of the MoS,
flakes. The small increase in the contact angle value for the
samples MoS,-100 and MoS,-125 may be attributed to the
increased density of the MoS, edges.”®

In case of the diiodomethane, due to dispersive nature of the
diiodomethane, contact angle with the diiodomethane is
affected by the fluctuations of the charge distribution in the
atoms/molecules at the surface. It has been reported that the
edges of the MoS, behave as the metallic 1D nanowires.*"”%
The defects are present at the edges in the form of the S
vacancies, which are produced during the growth.”” The S
vacancies are easy to produce in comparison to the Mo vacancy,
since the energy required to remove the S and Mo atoms is 6.1
and 139 eV.”" As the S is removed from them, the edges
contain mostly the Mo atom, making them Mo-rich. As a

2364

transition metal, it has metallic nature, and it increases the
conductivity of the highly uniform edge-enriched MoS, flakes.®”
Thus, increase in the density increases the metallic-like nature
of the edges and the interaction of the diiodomethane. This
may result in higher electron density at the edges of the MoS,.
MoS, samples grown at lower gas flow rates, 100 and 125 sccm,
contain in-plane and isolated edge-enriched MoS, flakes as
shown in Figure 2; hence, they have the less interaction.”” The
interaction of diiodomethane liquid increase more and becomes
density-dependent as the density of edge-enriched MoS, flakes
increases because of increased fluctuations in electron charge
density. Because of high availability of the edges in the MoS,-
150, the contact angle is lower in comparison for all the
samples.

The surface free energy of variable edge-enriched MoS,
flakes was then measured using Fowkes methods. The surface
free energy is the sum of polar and dispersive components, and
surface free energy can be determined by using polar (DI
water) and dispersive liquid (diiodomethane).”® Wettability of
the surface depends on the surface free energy of liquids and
interaction with the solid surface.

The surface free energy of the liquid, solid—liquid, and solid
is balanced by the Young’s equation

%, =¥+ cosd ®3)

where ¥, 7, and y| are the surface free energy of solid, solid—
liquid, and liquids used.

In Fowkes method, surface free energy is determined by the
polar and dispersive liquids. One liquid should have zero polar
component like diiodomethane, 7, = y{ = 50.8mj/m? while the
other liquid should have the sum of dominant polar and
dispersive components like DI water, f = 51 mJ/m? y{ = 21.8
mJ/m? where yP and 7{ are the polar and dispersive component
of liquid. Sum of the polar and dispersive components of
interfacial energy of the solid gives the total surface energy of
the solid. DI water and diiodomethane are used as the polar
and dispersive liquids. Fowkes method considers the solid—
liquid interactions (two-phase interactions). For system having
the only dispersive components, the dispersive surface free
energy component is evaluated by

d)O.S

va= 1+ 1 - 20, @)

Combining eqs 3 and (4) and considering that liquid has no
polar component then 7, = #{ results in modified equation; the
dispersive components of surface free energy can be calculated
by

n=7r"=0254"(1 + cos ) )
For the liquid having both components like DI water, 7, = v,
+ 74 The eq 4 has one additional polar terms

Ya= 1, + 1 =200 - 2070 (©)

With eq 3 and eq 6, surface free energy of the polar liquid is
given by

B [0.5%(1 + cos 6,) — ((}/:17/101)0'5)]2
K= y]P

™)

where y{ and yf are the dispersive and polar components of
liquid, and y¢ and y* are the dispersive and polar components of

solid.
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Table 2. Measured Contact Angles and Surface Free Energy of Polar and Dispersive Liquids on the MoS, Surface Synthesized

Using Different Conditions

contact angle for different liquids

surface free energy by Fowkes method, mJ/m?

DI water diiodomethane
sample CA“ deg CA," deg
MoS,-100 87.6 41.3 1.5
MoS,-125 95.7 26.2 0.0
MoS,-150 126.2 12.6 6.0
MoS,-175 119.3 14.9 3.7

¥ (polar components)

3

74 (dispersive components) yr (sum of components)

38.9 40.4
45.7 45.7
49.5 55.6
49.1 52.8

“CA = contact angle, 7, = polar component of surface free energy, y4 = dispersive component of surface free energy, yr = surface free energy.

The calculated values of polar and dispersive components of
surface free energy are shown in Table 2. Variation of polar
components and dispersive components is shown in Figure 9g.
Total surface free energy is also plotted, which shows the
controlled variation with the density of edge-enriched MoS,
flakes. In our case, with increasing contact angle surface free
energy components for both polar and dispersive liquids
decreased. However, the total surface free energy (sum of the
dispersive and polar surface free energy components) increased
as the density of flakes increased and has the highest value for
MoS,-150 sample. The samples MoS,-100 and MoS,-125,
which mostly contain in-plane MoS, flakes, show the total
surface free energy on the order of 40.4 and 45.7 mJ/m?* and
are similar to those reported in the literature for similar layer in-
plane MoS, flakes, 46.5 mJ/m?, while the edge-enriched flakes
have the total surface free energy on the order of the 55.6 and
52.8 mJ/m>>" However, no studies for the surface free energy
of edge-enriched MoS, flakes have been done, to the best of
our knowledge. In the cases of MoS,-150 and MoS,-175, it is
observed from the SEM images shown in Figures 2 and 3 that
the density of edge-enriched MoS, flakes is higher in MoS,-150
in comparison to MoS,-175. The surface free energy is the sum
of the surface energy of the dispersive liquids and the polar
liquids in the Fowkes method. Because of very high density of
edge-enriched MoS, flakes in the MoS,-150 sample, the edge-
enriched MoS, flakes have higher effect on the surface free
energy components that arises due to the diiodomethane/DI
sample, as the edges have the more reactive sites in comparison
to the in-plane MoS, flakes, and water is a polar liquid. The
reactivity of the water molecules increases with the increase in
the active sites; hence, the DI water contact angle increased.
With the diiodomethane, increase in the edges correspondingly
increase the electron concentration, which also increase the
interaction of the dispersive liquid. Thus, in MoS,-150 sample,
the contact angle with DI water/diiodomethane is highest/
lowest. So, the total surface free energy is also slightly higher
with MoS,-150.

B CONCLUSION

In summary, controlled and tunable growth of the inter-
connected edge-enriched 3D network of MoS, flakes is
reported by using modified tube-in-tube APCVD method.
The MoS, flakes were grown at different gas flow rates to
control their density from stand-alone MoS, flakes to well-
connected 3D MoS, flakes network. The detailed morphology,
structural, and optical analyses of MoS, flakes revealed that the
growth of vertical MoS, flake starts from in-plane MoS,, and by
increases in gas flow rate the density of edge-enriched MoS,
flakes increases. The contact angle values for DI water and
diiodomethane are measured. Contact angle values for both the
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liquids are strongly depended upon the density of the edge-
enriched MoS, flakes. The surface energy of MoS, edge
structures with different density was evaluated by sessile contact
angle measurement with polar (water) and dispersive (diiodo-
methane) liquids. The total surface free energy was observed to
increase with the density of edge-enriched MoS, flakes. The
proposed growth mechanism for edge-enriched MoS, flakes
and their surface energy studies may be useful to design TMDC
materials with desirable properties for different applications.
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