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MoS; is a very attractive material and has been well studied for potential applications in various areas.
However, due to the wide variety of factors affecting the molecular and electronic structure of MoS,,
several contradictory reports about the adsorptive and photocatalytic properties of such materials have
been published. In most of these reports, the effect of the actual phase of the materials on the
properties was neglected. Here, different phases of MoS, nanosheets (1T/2H, 1T/3R and 2H) have been
obtained using the hydrothermal method with different Mo : S molar ratios and different autoclave filling
ratios. The obtained materials have been thoroughly characterized using Raman, UV-vis, powder XRD,
SEM, TEM and XPS measurements in order to accurately identify the existing phases in each material. A
comparative study of the photocatalytic organic dye degradation efficiency under white light irradiation

has been conducted using methyl orange to correlate the different activity of each material to the
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Accepted 17th July 2018 respective phase composition. The results indicate a much higher performance of the 1T/2H phase

compared to the 2H and 3R phases. Detailed computational studies of the different phases revealed the

DOI: 10.1039/c8ra05387a emergence of mid-gap states upon introducing 1T sites into the 2H lattice. This leads to the
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Introduction

Molybdenum disulfide (MoS,) is a 2D layered material with
a graphene-like structure, which exhibits a variety of unique
properties and enables applications as a catalyst in the
hydrogen evolution reaction (HER), as a photo-catalyst, and for
electrochemical energy storage.'® This important material
exists in two stable semiconducting phases with trigonal pris-
matic molybdenum centres (2H and 3R), and a metastable
metallic octahedral phase (1T).* The higher conductivity and the
more active basal plane of the 1T phase enabled a superior
performance in energy storage and HER applications making it,
thus, quite desirable.** Studies have shown that domains of 1T
and 2H phases can coexist in single layers of hybridized MoS,.**

The activity of MoS, in electrochemical and photocatalytic
water splitting was found to be substantially improved by
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improvement of the photocatalytic activity of 1T/2H compared to the other prepared materials.

increasing the density of active sites via introducing defects or
increasing conductivity in composites with carbon based
materials or other semiconductors.*>***” The electronic struc-
ture of 1T/2H phases has been the focus of several computa-
tional studies.*®**** The origin of the improved performance in
HER catalysis by 1T/2H phase materials has been attributed to
the enhanced charge mobility in the material, due to the
enhanced metallic conductivity of 1T phases.*

As an efficient semiconducting nanomaterial, MoS, has been
employed in environmental engineering, for treatment of
organic pollutants via both, adsorption or photo-catalytic
degradation.**** MoS, is, however, a very delicate semi-
conducting material. The factors affecting its electronic struc-
ture and, hence, properties are quite various, including the
molybdenum local coordination environment, the sulphur
vacancies and surface defects, the crystal phase (1T, 2H or 3R)
with different conductivities, as well as the degree of exfoliation,
and the size and morphology of the nano-sheets. This wide
variety of factors affecting the molecular and electronic struc-
ture as well as active surface area has led to several contra-
dicting reports about the adsorptive and photo-catalytic
properties of the material, probably due to neglecting the effect
of the actual phase of the material.***° Fast and efficient
adsorption has been reported for MoS, and several of its
nanocomposites towards different organic dyes.***” Liu and co-
workers claimed no adsorptive capabilities for their samples

This journal is © The Royal Society of Chemistry 2018
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and attributed the improved photo-catalytic activity of leaf-
shaped MoS, to its morphology and its thinner layer structure
with no account on the actual phase of the material.** Another
study of the photo-degradation of Brilliant Green on bulk MoS,
and WS, revealed 60% efficiency under visible light.* These
reports highlight a crucial need for a careful structure (phase)-
property correlation for the material that takes into account all
the different affecting factors. Significant improvements in the
photocatalytic degradation efficiency has been achieved in
MoS, nanocomposites with graphene,®® TiO,,”* TiO,@-
zeolite,** Bi,WO,*” carbon nanofibers,*® PbS,*® Fe;0,,* poly-
aniline,** and RGO/Fe,0;.° Bai et al. employed a room
temperature assembly mechanism to obtain TiO,/MoS, (1T)
composites which exhibited enhanced efficiency compared to
the 2H containing phase.® Similar improvements in super-
capacitors and HER efficiencies have been reported using pure
and hybridized 1T phases.”™

The quest for 1T rich phases has been addressed via several
routes.”™® The Li-intercalation/exfoliation technique using
butyl lithium followed by treatment with water has been
employed to convert 2H into 1T MoS, (60-70% 1T).>*H192551
The treatment of 2H MoS, with LiBH, (1 :2.5) under Ar at
300 °C for 3 days followed by exfoliation in water has resulted
in 80% 1T phases.' However, this strategy is time consuming,
complicated and dangerous due to the pyrophoric nature of
the lithium reagents used. Recently, simple hydrothermal and
microwave assisted hydrothermal methods have been
successfully used to obtain hybridized phases as catalysts in
HER,>*"***” and as electrode materials in supercapacitors.®
The fraction of 1T is controlled by the Mo : S molar ratio, with
an reported optimum ratio 1 : 4.25.% Liu et al. achieved 70% 1T
phase MoS, using aqueous propionic acid medium.” In
another study, supercritical CO, has been employed to obtain
70% 1T phase MoS,.>® Another aspect of this hydrothermal
route is that the use of ammonium molybdate as a precursor
enhances the probability to obtain 1T phase due to the inter-
calation of NH," ions.>** The transformation of 2H to 1T
phases has been also achieved by heating ethanol suspensions
of MoS, at 220 °C for 4 hours.”” On the other hand, annealing
1T phase at 350 °C for 2 hours under argon converted it back to
2H phase MoS,.”

In this work, we conducted a comparative study in order to
correlate the photo-catalytic activity of MoS, materials to their
crystalline phases and morphology. We employed the hybrid-
ization of 1T into 2H/3R phases as a strategy to enhance the
photocatalytic degradation efficiency for organic pollutants in
water. A simple hydrothermal synthesis has been used to
prepare the target catalysts with different phases; 1T/2H (S1,
$2), 1T/3R (S3) and 2H (S4). The filling ratio of the reactor was
introduced as an essential factor controlling the 1T content in
the materials. The obtained materials were structurally char-
acterized using several analytical techniques. The photo-
degradation efficiency towards methyl orange (MO) dye was
investigated. Detailed computational studies were conducted
in order to gain deeper insights into the origins of the
improved catalytic activity of the prepared samples.

This journal is © The Royal Society of Chemistry 2018
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Results and discussion
Syntheses and characterizations

The MoS, materials with different phase composition in this
study were obtained via a hydrothermal reaction of ammonium
molybdate with thiourea at 200 °C (Fig. 1). Three factors were
used to control the type of phase obtained. The reaction with
Mo : S ratio of 1:5 at 45% filling of the reactor resulted in
hybridized 1T/2H phase (S1) with 70% 1T. Increasing the filling
of the reactor to 75% resulted in lower 1T content (20% 1T; S2).
Aless pronounced decrease in the 1T content has been observed
upon varying the molar ratio at 45% filling ratio (1 : 10, S5, 65%
1T, ESI Fig. 11). Using a large excess of sulphur with a Mo : S
ratio of 1 : 25 at 75% filling of the reactor gave 1T/3R phase (S3).
The thermal treatment of S3 or S1 at 800 °C under argon in
a tube furnace resulted in pure 2H phase (S4) (Fig. 2 and ESI
Fig. 31). Similar transformation from 1T to 2H phase upon
thermal treatment has been reported previously.*> Materials S1
to S5 have been thoroughly characterized using several analyt-
ical techniques.

The powder X-ray diffraction patterns of materials S1, $3 and
S4 show clear matching with 1T/2H, 3R and 2H phases,
respectively (Fig. 2, left; 2H: PDF no. 00-024-0513; 3R: PDF no.
01-089-2905).

Scanning electron microscopy (SEM) measurements were
used to study the morphology of the materials (Fig. 3, top).
Micro-flowers of aggregated MoS, nano-sheets were observed in
all cases, with no significant differences. The same morphology
has been reported for similar hydrothermally synthesized
materials.® High resolution transmission microscopy (HR-TEM)
images (Fig. 3, bottom) show thin petals consisting of few layers
of MoS, nano-sheets. The images clearly show the grid of MoS,
mono-layer; however, the decisive identification of phases using
TEM images is quite complicated and not possible without
corrected aberration.®

Raman spectra of the materials were measured to differen-
tiate between the phases (Fig. 2, top right). Spectra of S3 and S4
exhibit peaks at 377 cm ™" and 405 cm ™' which are attributed to
Eﬁg and A;,; modes in 2H and 3R phases.* The spectrum of S1
exhibits the two characteristic peaks for 1T phase at 239 and
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Fig. 1 Schematic description of the hydrothermal method used for
the preparation of different hybridized phases. Molecular structures
and optical images suspensions of the obtained samples are shown.
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Fig.2 Powder XRD patterns (left) indexed with 2H (S1, S2 and S4) and
3R (S3) patterns. Raman (right top) and UV-vis (right bottom) spectra
for S1-4 showing the characteristic modes for each phase.

Fig. 3 SEM images (top) of MoS, particles showing the flower-like
morphology. HR-TEM (bottom) images showing flakes of few layers of
MoS, and the 2H domains in a monolayer.

334 cm™'.® The optical A,, mode of the octahedral 1T MoS, at
485 cm ™" is also observed.®

The optical images of suspensions of the materials in water
(Fig. 1) are characteristic for the dominating phase of each
sample. Suspensions of $4 with 2H phase exhibit a dark green
colour, while suspension of S1 is black-blue. The 3R-containing
material (S3) was quite stable and very difficult to exfoliate even
with extended sonication time.”” The UV-vis spectra shown in
Fig. 2, bottom, exhibit two bands at 628 and 667 nm for S4
which correspond to the excitation in the Brillouin zone at the K
point of the 2H phase.?® The lack of absorption bands for S1 to
S3 is attributed to the metallic nature of the 1T phase.*
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Fig.4 XPS spectra of S1-4 showing Mo ds,, and dz,, peaks for trigonal
prismatic (2H, 3R) and octahedral (1T) centers.

The nature of the phase in each material is more decisively
determined using XPS measurements (Fig. 4). The spectrum of
S4 exhibits the typical Mo 3ds5/, and Mo 3d;,, peaks at 229.5 and
232.7 eV, characteristic to the trigonal prismatic environment in
2H phase.? The deconvolution of peaks in spectra of S1 revealed
the existence of the same two peaks that belong to 2H centres,
along with two additional peaks shifted by about 1 eV to 228.6
and 231.7 eV, which were assigned to Mo 3ds/, and Mo 3d;/, of
the 1T phase.® Similarly, the S 2p;/, and S 2p,,, peaks of the 2H
phase in S4 appeared at 162.3 and 163.5 eV, respectively.
Materials S1, S2, S3 and S5 exhibited two additional peaks
shifted by about 1 eV (161.7, 162.8 eV (S1), 161.8, 162.6 eV (S2)
and 161.5, 162.4 eV (S3)), as expected for 1T sites.® The decon-
volution of the peaks in both regions using Origin 9 indicated
that material S1 contains 69(+2)% 1T phase. An additional peak
around 236.5 eV is due to the MoO; impurities in the samples
(~8% in S1). The deconvolution of spectra for S2 indicated a 1T
phase content of 18(+2)%, whereas S3 contains 66(+2)% 1T
phase and S5 contains 65(+2) 1T phase (ESI Fig. 17).

Photo-catalytic studies

In order to evaluate the performance of the different materials
with different phase composition in photo-catalytic degradation
of organic dye (MO), the same doses of S1 to S5 were introduced
into MO solution (100 ml, 20 ppm). The mixture was kept in the
dark for 30 minutes in order to achieve the adsorption-
desorption equilibrium before starting the irradiation with
white light (400 W tungsten lamp). The degradation efficiency of
MO was monitored with irradiation time by measuring the
remaining dye concentration using UV-vis at A = 485 nm. For
the reaction at pH = 7, S1 shows a significantly higher activity
(77%), compared with S5, S2, S3 and S4 (60%, 35%, 13% and
4%, respectively; Fig. 5, 6 and ESI Fig. 21). A further increase in
the photo-catalytic activity has been observed under more acidic
conditions (pH = 2; S1: 95%; S5: 85%, S2: 60%; S4: 12%). The

This journal is © The Royal Society of Chemistry 2018
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activity of S3 increased with increasing the pH value (pH = 11,
30%). The observed photo-catalytic activity of S1 is comparable
to that of several previously reported MoS, composites.****3¢
Previous studies reported photo-catalytic activity of MoS, in
acidic medium albeit with lower efficiencies (60-90%).>*** The
improved activity of their samples has been attributed to the
morphology, with no reports on the existing phase.* It is more
reasonable, however, to correlate the enhanced activity of S1 to
the improved conductivity of the 1T phase and the active sites
introduced via 1T defects in the 2H layers (69% T1 content;
Table 1). This hypothesis is strongly supported by the largely
decreased activity of $2, which has much lower 1T content (18%
1T; Table 1). It is also backed with the DFT calculations which
will be discussed later. Another study reported 97% degradation
of Rhodamine B (RB) using MoS,.”” However, our recent
unpublished findings using RB, indicate an ultrafast adsorption
in the dark. Such observation suggests that any photo-catalytic
studies using RB dye would be unreliable. The current opti-
mized MoS, catalyst (S1) retains ca. 75% of its efficiency after
four cycles of usage (ESI Fig. 41). This clearly show the potential
of such novel catalysts for different waste water treatment
applications.

Another crucial factor is the highly exfoliated nature of the
material S1 as compared to S3, which remained mostly un-
exfoliated even after several hours of sonication. This diffi-
culty in exfoliation is probably due to the more stable stacking
in the 3R phase and the slightly larger particles.'”” This un-
exfoliated nature of S3 hinders the dye molecules from access-
ing the active sites on the surface of the MoS, particles, which
turned out to be quite detrimental to the photo-catalytic activity
of the material.

MoS, is an n-type semiconductor. The photocatalytic activity
proceeds via electron transfer from the nano-sheets to the
oxygen in the solution, to form oxygen radicals. Then, water
molecules get adsorbed to the positively charged centres on the
surface of the semiconductor to create H'" and hydroxyl radicals
(OH). The protons get adsorbed to the negatively charged
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Fig.5 Photocatalytic activity of S1 at different pH values (95% removal
at pH = 2).
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surface centres and then combine with an electron to react with
oxygen radicals and ultimately form hydrogen peroxide (eqn

(1))
H,O +h'—OH + H*
027 + le + 2HJr _>H202 (1)

The hydrogen peroxide can combine with one more electron,
and react with a proton to form more hydroxyl radicals (eqn (2)).

H,0, + le + H" — H,0 + "OH (2)

The generation of these reactive species (H,0O,, oxygen
radicals, hydroxyl radicals) leads to organic dye oxidation,
which is apparently faster in acidic media.*

Computational studies

We used DFT calculations to study the electronic structure of
mixed phase (1T/2H) MoS,. Single layer 2H MoS, is direct gap
semiconductor. The gap decreases and becomes indirect as
more layers are added. To understand the effect of 1T phase
embedded in the 2H phase, we considered a 6 x 6 supercell of
single layer 2H MoS,, with 36 Mo, and 72 S atoms. We studied 4
configurations of 1T/2H: one site, two sites, a 7 Mo atom 1T
patch (Fig. 7a—c), and a similar patch with 3 S vacancies at the
boundary with the 2H surrounding region.

With one 1T defect, structural relaxation yields a local
symmetric distortion in the Mo sites surrounding the Mo 1T
atom (inset of Fig. 7a), where the boundary Mo-Mo distance
decreases from 3.21 A to 3.02 A. The trigonal configuration at
the 1T sites affects the Mo-S coordination of the surrounding
Mo atoms, leading to the emergence of mid-gap Mo states.
Projection of these states on the atomic orbitals show that they
are d states of the Mo atom at the 1T site.

With two 1T defects (Fig. 7b), the situation is similar. The
structural symmetry breaking induced by the location of the
defects leads to an asymmetric distortion around the defect
sites (Fig. 7b, inset). The gap is further quenched by mid-gap Mo
states (Fig. 7b), which are also d states of the Mo 1T atoms at the

Table 1 Percentage of 1T phase and corresponding photo-catalytic
activity of the different MoS, nanomaterials

s1 S2 S3 sS4
1T% 69(+2)% 18(+£2)% 66(+2)% —
Activity (pH = 2) 95% 60% 13% 12%

RSC Adlv., 2018, 8, 26364-263/0 | 26367
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introduction of mid-gap states of Mo d orbitals in nature.

two defect sites. The extended 1T region (Fig. 7c) fills the gap
with more d states of the 1T patch Mo atoms. The introduction
of such mid-gap state upon embedding 1T defects in the layer
explains the improved conductivity of 1T/2H phases as
compared to pure 2H. It also explains the improved photo-
catalytic activity due to the presence of mid-gap states and the
induced structural distortions and sulphur vacancies at the
boundaries of the 1T defect sites which work as active sites for
catalysis.

To compare the presence of the 1T defect in the 2H phase vs.
the 3R phase, we study the properties of two bilayer systems,
a 2H, and a 3R, with one 1T defect in the top layer for both cases.
The second is a 3R system with a similar one 1T defect, also in
the top layer. Each unit cell has 216 atoms. As in the single layer
case, the Mo atoms in the vicinity of the 1T defect suffer some
structural deformation, changing the Mo-Mo distance to 3.02 A
for both cases.

As we see in Fig. 8, the effect of the 1T in the 2H case is less
pronounced than for the single layer system, which can be
attributed to the lower 1T defect density. Furthermore, the 1T
defective 3R structure has a highly similar DOS, which would
give a similar photocatalytic activity to the 2H system. The low
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Fig. 8 DOS of 1T/2H (left) and 1T/3R (right) phases versus 1H single
layer (blue).
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photocatalytic activity of the 1T/3R phase (S3) suggests that the
1T regions in the mixed phase are more homogeneous distrib-
uted than in the 2H phase, making it more difficult to exfoliate
it, and hence lowering its photocatalytic activity.

Experimental

Materials

All the chemicals employed were of analytical grade and applied
without further purification.

Syntheses

In a typical synthesis of MoS, nano-sheets S1-4, (2.47 g, 2 mmol)
of (NH,4)sMo0,0,,-4H,0 and (0.76 g, 10 mmol) of CS(NH,), were
dissolved in 60 ml of distilled water under constant stirring. The
mixture was transferred into a 150 ml Teflon-lined stainless
steel autoclave and sealed (S1: filling ratio 45%). The autoclave
was placed in a pre-heated oven at 200 °C for 24 h, then left to
cool down to room temperature. The black precipitate was
collected by centrifugation, washed three times with distilled
water then ethanol, thereafter dried in an oven at 80 °C for 12 h.
The variation of the molar and filling ratios (1:5, 75% (S2),
1:25, 75% (S3) and 1 : 10, 45% (S5)) resulted in the different
phases obtained. S4 was obtained via thermal treatment of S3 in
a tube furnace (Carbolite) at 800 °C under Ar for 2 hours.

Characterization of MoS, materials

X-ray photoelectron spectroscopy (XPS, VersaProbe II, Ulvac-
PHI) was performed with monochromatic Al K-alpha light with
a photon energy of 1486.8 eV. The calibration for determining
the elemental binding energy was done using the sputter-
cleaned copper 2ps,, line at 932.67 eV of thin copper foil fixed
on the same electronic potential as the samples. SEM imaging
was performed using LEO SUPRA 55VP FEG, Zeiss, equipped

This journal is © The Royal Society of Chemistry 2018
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with Oxford EDS detector. HR-TEM images were obtained using
JOEL 2100F at 200 kV. Raman spectra were collected on Pro-
RamanL, Enwave Optronics at excitation wavelength Ae,. = 532
nm. X-ray diffraction patterns were collected using Cu Ko
monochromatic radiation (K = 1.54056) at room temperature
on a 202964 Panalytical Empryan diffractometer.

Exfoliation

50 mg of the prepared material was added into DI water with
stirring for 1 one hour, then sonicated for 30 minutes to obtain
a suspension (of different appearance; S1: black; S4: yellow-
green). The obtained suspension was then centrifuged at
4000 rpm for 45 min to remove the precipitates. The superna-
tant was collected and then centrifuged at 18 000 rpm to obtain
exfoliated samples. Thereafter, the products were re-dispersed
into 25 ml ethanol through sonication for 2-3 hours for later
use in spectral studies.

Photo-catalytic studies

Photo-catalytic degradation of methyl orange (MO) was carried
out under visible-light irradiation (400 W tungsten lamp).
100 mL aqueous samples (20 ppm MO) were added to 50 mg of
the photo-catalyst. To establish absorption/desorption equilib-
rium, the solutions/dispersions were stirred for 30 min in the
dark before irradiation. The samples were kept at constant
temperature (~30 °C) during the experiment. The change of
concentration of the dyes was monitored using UV-vis
measurements (An.x = 464 nm, Agilent, Cary 60). The dye
degradation surveys were conducted at the interval of 4 min,
and the catalyst was isolated via centrifugation. The photo-
degradation percentage of MO was calculated using the
following equation:

G -G
So =S 100
a

D(%) =
where Cy and C, are the concentrations of the dye at time 0 and ¢
(s), respectively, and ¢ is the irradiation time.

Computational studies

All calculations were performed using the Quantum Espresso
plane waves package® based on density functional theory. We
used the Perdew-Wang 91 (PW91) gradient-corrected func-
tional.** A 6 x 6 2H supercell is built, with a vacuum separation
of 13 to prevent interaction between neighboring cells. A dense
16 x 16 Monkhorst-Pack k-mesh® was used for the calculation
of the density of states, and an energy cut-off of 612 eV. All
systems were structurally relaxed, until all atomic forces

become less than 0.002 Ry bohr ™.

Conclusions

New hybridized materials of MoS, with different phase
composition have been hydrothermally synthesized using the
Mo : S ratio and the reactor filling ratio as controlling factors. A
systematic correlation between the different phases of MoS,
(1T/2H (S1, S2, S5), 1T/3R (S3) and 2H (S4)) and their photo-

This journal is © The Royal Society of Chemistry 2018
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catalytic degradation activity towards methyl orange in water
under white light irradiation has been established. The results
indicate a significantly improved performance of 1T containing
phases. Detailed computational studies suggest that intro-
ducing 1T sites into 1H layers induces surface distortions and
introduces mid-gap states which improves the conductivity and
catalytic activity of the material. This study provides more
evidence of the delicate nature of MoS, nano-sheets which
renders the material's structure and properties quite suscep-
tible to a wide variety of factors, including the molybdenum
local coordination environment, the sulphur vacancies and
surface defects, the crystal phase (1T, 2H or 3R) with different
conductivities as well as the degree of exfoliation, and the size
and morphology of the nano-sheets.
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