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CdMoS, were architectured using a template free facile solvothermal method. The MoS, depicts the sheet like morphology
with lateral dimension 5-10 um and thickness ~ 200 nm with honeycomb nanostructure architecture via self-assembling of
vertically grown thin hexagonal nanosheets with thickness 2-3 nm. The 3D architectured CdMoS, marigold nanoflowers
comprised with thin nano petals with lateral dimension 1-2 um and thickness of few nm. The CdMoS, and MoS, were
confer hydrogen (H,) production rate, 25445 and 12555 pMoleh™g™, respectively. The apparent quantum yield of
hydrogen production was observed to be 35.34 and 17.18 % for CdMoS, and MoS,, respectively. The 3D nanostructure
marigold flowers of CdMoS, and honeycomb like 2D nanostructure of MoS, responsible for higher photocatalytic activity
due to inhibition in the charge carrier recombination. The prima fascia observation of H, production shows that the ternary
semiconductor confers enhanced photocatalytic activity for H, generation due to unique structure. Such structures can be
architecture and implemented for other transition metal dichalcogenide based ternary materials for enhanced

photocatalytic and other applications.

decomposition of abundant environmental pollutan§ Hhas
1 Introduction been more significance. The great challenge is d@sigh a
catalyst system that can electively use sunlighd 8kS to
generate K Heterogeneous photocatalysts plays an importar:*
role for the conversion of photon energy into cheahienergy
and for decomposing the organic contaminants as aseH
generatiort>'* There are reports on the development of ultr7.-
violet active photocatalyst for tproduction based on oxide
nanomaterial$>'® But the problem with oxide based catalyst
such as Ti@ ZnO, ZnO/ZnS, have wide band gap and shc
activity under UV light only (>3.0 eV) which is on6% of the
solar spectrum and did not show good photocatafdiivity in
the visible lightt”*® Furthermore, there are attempts on
development of doped oxide nanomaterials for wsibght
active photocatalyst such as ,8g Bi,O;, BiVO,, MoO;,

; ;- 18-24
and direct fuel source to solve our energy relg@iblems and ZnCo0s, Nh dopedbl T'Q/Z.n: F‘:C' for H, .g:ane.ratlohrjr..
need. Moreover, Hcan be produced from several differen owgyer, the problem with these materials 'Sf theaor
sources such as water, biomass, natural gas Ors.&alstablllty. Hence, researchers are concentrating fbe

Currently, the most commonly used and practicaffycient development of stable f"md visible light active @éft
methods for H production are coal gasification and stearRhOtoC‘f’ualys’t for Hproduction from water as well as$i The

. visible light active semiconductor sulphide photatgst have
rgformlng _of methgne. But bot_h the methods are ggnerbeen reported which includes, CdS, CUSSINBI,S, etc}2529
rigorous with undesirable for environmental relateslies and ’ ' 2 )

problems®!! The environment pollutant and corrosiveSHis Among all the sulfides photocatalyst, CdS was fouadbe

continuously released (10-15% as waste) by oihezfes is a good V's'blle light a.c'tlve phot(.)crlatta!yst, bu.t due tq
global intimidation to the environment. The presadiaus photocorrosion and stability of CdS limits its coemtial use as

process is a commercial process foSHutilization to produce a VISIb|? light active photocatalyst. Hence, furtmesearchers
liquid sulphur rather than Hwhich is laborious and highly have mEd,t.O deyelop hgtero structures of Cds'mdﬁ’;&%
expensiveé? Hence, the generation of clean hergy from the etc.as a visible light active photocatalyst fos ¢feneration.

Transition metal dichalcogenides (TMDCs) such 2D
honeycomb like layered Mg@Sand other semiconductor
nanostructure materials have immense importancetatleeir
size and shape dependent enhanced properties fwusa
energy and nanoelectronics device applicatiohs.
Significantly, 1 to 3D nanostructure materials hbeen widely
utilized for the advance energy applications likidas cells,
batteries, photocatalysis and for optoelectronipliaptions®®
Particularly, in photocatalysis the nanostructemiconductors
and especially hierarchical nanostructures areimpdagrucial
role in the drastic enhancement in the efficiencye do the
control on recombination of photo generated chagegeers’

The H is one of the best options for the future as arcle
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Recently, we have also investigated cadmium basematy M) with H,S flow 2.5 ml min’. The annealed MgSand
chalcogenide as a visible light active photocatali’sThese CdMoS, photocatalyst were introduced as a suspensionanto
ternary systems observed to be efficient as comypa@xlS and reactor and irradiated with Xe-lamp light sourc®©{L ORIEL
other sulfide. Further, we have also attemptgedjéheration via GRUPPE, EUROPA, LSH302, for Xe lamp spectrum) of
H,S decomposition using nanostructure cadmium indivintensity 300 W. The generated, Hvas collected in the
sulfide and zinc indium sulfide ternary semiconawct graduated eudiometric tube. The purity of the @dd gas was
photocatalyst?3* The hierarchical nanostructures of suchnalyzed by gas chromatograph (Model Schimadzu &&-1

ternary systems are expected to be efficient pladébest due to
the high surface area and large aspect ratio. Hemedocused
the innovative approach for the synthesis of suienahchical
nanostructures as a visible light active photogatafor H,
production.

In this context, we have attempted to develop tategree
synthesis of ternary CdM@Sas well as pristine MaS

nanosheet with 2D honeycomb nanostructure by simple

solvothermal method. Considering their optical @mmies, they
have ability to be used as a visible light actibetocatalyst for
H, production from photocatalytic 43 splitting. In the present
investigation, we have demonstrated the synthe$is3D

MS-5 A column, TCD, Ar carrier). Apparent quanturielg
(QY) was determined with measuring intensity ofhtignith
Lux meter (Lutron LX-107HA) and it was placed irofit of
300 W Xe light source to obtain the correct wavgtan
Apparent quantum yield (AQE) was calculated accaydo the
following equation:

Number of H,molecules evolved x 2

AQE (%) = 100

Number of incident photon

2.2.2 Water Splitting

The photocatalytic water splitting was carriagt by using

hierarchical nanostructure marigold CdMo&anoflower and 100 ml double distilled water in 250 ml round battflask and
2D Mo$S, honeycomb nano sheet as a photocatalyst for P6 ml methanol as a sacrificial reagent. The amte®oS and
production from HS under solar light which is hitherto un-CdMoS, catalyst was added with 1 wt% preloaded platinsm a

attempted.

2. EXPERIMENTAL METHODS

2.1 Material Preparation

All chemicals were purchased from Fisher Scientivith
(Purity 99 %). All the chemicals were analytic geaahd were
used without any further purification. Cadmium aig (2
mmol) dissolved in methanol (40-50 ml) and ammoniu
molybdate (20 ml) dissolved in methanol by addit@nnitric
acid drop by drop with constant stirring for 10 oties as long
as to see the clear solution. Next we followed dhep wise
addition of dissolved cadmium nitrate solution intbe
ammonium molybdate solution with constant stirririgr
another 10 min. After complete addition, it wa®wallto stir for
15 more minutes with drop wise addition of dissdltkiourea,
followed by stirring for 15 more minutes. The pH tfe
solution is measured to be 1. The solution was tremsferred
in teflon coated hydrothermal reactor and kept4®rhours at
150 °C. After completion of reaction, reactor was allawe
cool down to room temperature naturally, followedviashing
of the product with distiled water and filtereding 0.41
whatman filter paper. Further, products were waslsdg AR
grade ethanol for several times and then driedOaiC3for 4
hours in oven.

2.2 Photocatalytic Activity
2.2.1 H,S Splitting

For photocatalytic studies, the cylindrical daaeactor filled
with 750 ml 0.25 M aqueous KOH. At room temperatuhe
vigorously stirred suspension was purged with arfmml1 h

and then hydrogen sulphide ) generated in kipps apparatugsing

a co-catalyst. Argon gas was purged through thectien
mixture in order to remove the dissolved gases. 6@ ml
round bottom flask was connected to the graduatedsnring
gas collector tube. The gas collector tube has usept
arrangement to get rid of the evolved gas throighgas tight
syringe for measure the amount of gas evolved. @he
assembly was arranged in a wooden box and rountrbot
flask containing reaction mixture was irradiatedhaby 400 W
mercury vapour lamp. The mercury vapour lamp waedi

m

with quartz condenser having arrangement for weiteulation
in order to absorb the IR radiation which minimizédse
overheating effect. As soon as the lamp was switahe the
photocatalytic splitting of water was started araherated bl
was collected in a graduated measuring gas cotledbe
amount of gas evolved was noted with time. Thetpuwof the
collected gas was analyzed by gas chromatographdéMo
Schimadzu GC-14B, MS-5 A column, TCD, Ar carrier).

2.3 Material Characterisation

The crystalline phases were investigated usifmgyXpowder
diffraction (XRD) technique (XRD-D8, Advance, Bruke
AXS). Further, Cd, Mo and S content and oxidatitaites of
element were examined using X-ray photoelectrcz
spectroscopy (XPS, ESCA-3000, VG Scientific Ltd.gE&nd).
Room temperature Raman spectroscopy were perfousied
a HR 800-Raman Spectroscopy, Horiba JobinYvon, dgan
with an excitation laser wavelength of 632.81 nmabgoherent
He—Ne ion laser and a liquid nitrogen cooled detet collect
and process the scattered data. The optical piepeoft the
powder samples were studied using an UV-visible-ndeared
spectrometer (UV-VIS-NIR, Perkin Elmer Lambda-950).
Photoluminescence properties of samples were awlyy
HORIBA  Flurolog 3 spectroflurometer. The

was bubbled through the solution for about 1 h. hEagyorphologies of the as synthesized and annealegleamere

experiment was carried out in 750 ml of KOH solntif®.25

2| J. Name., 2012, 00, 1-3
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investigated byfield emission scanning electron microsct
(FESEM, Hitachi, $4800). For TEM (JEOL, 2010F
instrument).The visible light source used for the photocatal
activity was Xe-lamp light source (LOT ORIEL GRUPPE,
EUROPA, LSH302, for Xe lamp spectrum) of intensity 300 W.
The purity of the collected gas was analyzed by gas
chromatograph (Model Schimadzu GC-14B, MS-5 A column,
TCD, Ar carrier).

3. RESULTS AND DISCUSSION

The Mo$ and CdMo$g nanostructures have been synthes
by facile solvothermal method. For the structurat gphase
comparison, the CdS has also been synthesized igeatical
condition. The structural phase formation of asppred CdS
MoS,, CdMoS and annealed CdM@Sand Mo$ are
investigated by Xay Diffraction (XRD) and it is depicted
Figure lad. The XRD of as prepared CdS, CdN\, and Mo$
are shown in Figure la. The XRD of as prepared Sai8ple
shows the formation of typical cubic stture, which matche
very well with the reported JCPDS data card N¢-075-1546.
The XRD of as prepared MgShows the peaks ap213.0°,
16.5°, 25.6°, 33.5°, 44.7°, 60.5° and 70.5°. Ainnealing the
same sample at 48D, depict slight shift in peaposition from
20=13.0° to 13.8 (3hrs) and 14.0° (4 hrs) which iatés sligh
structural deformation in MgSas shown in Figure 1c ai
which matches well with the reported hexagonal , having
JCPDS data card No. 00-00312. The as prepared Cdlv, is
annealed at 400C for 3 and 4 hours, respectively and tt
corresponding XRD were shown in Figure 1b. It isealed
that the XRD peak at6213° in as prepared CdM, sample is
slightly shifted to 13.5° and 14.0° after annealatgt00°C for
3 and 4hours, respectively which indicates slight deforiora
in the crystal structure. It is observed that atianealing the

samples, phase formation of Mp&nd CdMoy, takes place

which is confirmed by XRD and were depicted in Fgudd
along with as prepade CdS sample. The XRD of annea
CdMoS, sample has been analyzed using powde
DICVOLE-91 software, which shows the formation
monoclinic structure (a=9.04588°Ab=4.01129 /°, ¢=6.29441
A° andp=92.739, V=228.136. (R) 3) and matches well wit
the reported literaturé&:®

The morphological investigations of the as syntes$iCdS
were performed by FESEM andeve shown in ESI-1 (Figure
S-la-d).From FESEM images, it is clearly observed that
formation of the cauliflower (1 pm) like morphologyia

assembling of tiny nanoparticles of size11® nm. Figure 2a-d

shows FESEM images of as prepared and annealoS,,
where one can clearly see the formation of long ph
mesoporous nanosheets with honeycomb like morpkolods
noteworthy that such uniqgue honeycomb nanostruciiioS,
using solvothermal process is hitherto unattemg
Interestingly, the stackg of honeycomb sheets was &
observed. Overall, we found the stacking c-3 sheets,
occasionally. The thickness of sheet is observdaete200 nn
(See inset of Figure 2b). The thickness of theviiddial comb
cell wall is observed to be ~10 nm in sigégure 2b,d). Mor¢

This journal is © The Royal Society of Chemistry 20xx
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significantly, the cavities of honeycomb N, generated via
vertical growth of nanosheets were also hexagonahape an

the overall diametepf the cavities is around -50nm. The
depths of the cavitiewere also measured to be 2nm as per
the layer thickness. Overall, FESEM observationgials that

there is not much change in the morphology of theraparec

and annealed MgSample.

8000 6000
(a) As prepared CdMoSy (]D) CdMoS, 400°C 4hr
G Aspripirsi Mes 50001 R
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Figure 1. (a) XRD of as prepared CdS, CdMoS, and MoS,. (b) XRD of CdMoS, as a
function of annealing at 400 °C for 3 hrs and 4 hrs. (c) XRD of MoS, as a function of
annealing at 400 °C for 3 hrs and 4 hrs. (d) XRD spectra of CdS and annealed CdMoS,
and MoS,.

Figure 2. FESEM images of (a-b) as synthesized MoS, and (c-d) annealed MoS, at 400 °C.

Further, the TEM investigations were performed lideo to
examinethe morphology and crystalline nature of the anec
MoS, sample (Figure 3a-d)The hexagonal honeycombs li
structure were also noticed in the TEM. The coroesing
TEM images of annealed M, sample shows ordered
mesoporous honeycomb structure with hexagonal ieavitf
4050 nm (Figure 3a), which is also in good agreemetit our
FESEM analysis. Figure 3a shows the High resolutidR)
TEM images taken from thedge of the nanosheets, wh

J. Name., 2013, 00, 1-3 | 3
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provides more detailed structural information. Tledtice
spacing observed to be 0.266n which corresponds to the
(002) plane of hexagonal Me@-igure 3c), and is in consiste
with XRD results. Figure 3d shows the seld area electron
diffraction (SAED) pattern of annealed M, sample which
clearly shows a highly crystalline nature of samagkeibuted tc
the MoS 2H phase.

Figure 4. FESEM images of (a-b) as synthesized CdMoS, and(c-d) annealed CdMoS, at
400°C.

The morphological and crystalline natures of theembed
CdMoS, samples were further characterizoy TEM (Figure 5
a-d). The marigold nanoflower like structure is clgaseen in
TEM images (Figure 5a). It is observed that nanoflower li
structure obtained via selfssembling of thin curving peta
The morphology and size of the sample obtainem the TEM
analysis matches well with the FESEM images degidte
Figure 4cd. The Figure 5d shows the SAED pattern take

Figure 3. (a) Low resolution and (b, c) high resolution TEM images of annealed MoS, the edge of the flakes shows the crystalline natanel
nanosheet sample at 400 °C and (d) corresponding SAED pattern. monoclinic structure of the CdMl4 sample.
The morphological investigations of as prepared (a) )

annealed CdMoSsample were also carried out by FESE
Figure 4 (a-b & dd) shows the FESEM images of the

prepared and annealed CdMosample, respective. Further,

FESEM results reveals the formation of porous nohd

nanoflower like morphology. The magnified FESEM gea
(Figure 4b, d) indicate the detailed marigold némeér like

structure instead of honeycomb which was obserm case of
MoS,. Interestingly, marigold nanoflower like morphojo
composed of large number of thin nanopetals asding

blocks. The as prepared CdMosample (Figure 4b) shows
compact flower like structure and annealed Cd, sample
(Figure 4c-d) showpuffy nanoflowers. This is quite obvior
that the modest growth in the petals is expectest ahnealing
the sample. As expectethere are no much morphologic
changes in the size of the pore and flowers of C8,. The

average sizes of the hollow CdMp$anoflowers were
observed to be in the range of 1.5-2 pm.

Figure 5. (a-c) TEM images and (d) SAED pattern of annealed CdMoS, at 400 °C
nanoflower.

Further, the as synthesized and annealed samples
characterized using Raman spectroscopy. Ramanrepeapy
is a very powerful and nodestructive technique widely used

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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characterizevarious materials. It gives very precise and e
information about the change in bond distance ardhanica
properties such as strain, stress, phase transiti®” “*° In view
of this, as prepared and annealed samples weraatbhazed by
Raman spectroscopy and are shown in Figu-c. In case of
CdS, intense and broad peak at ~302, 603 and ot are
assigned to fundamental optical phonon mode (LQh whe
first overtone mode (2LO), and second overtone (3@f0CdS,
respectively (Figure 6¢} In case of annealed M, the
Raman peaks at 382.5 and 4067care identified as an'y
and Ay vibration mode matches well with earlier repc
(Figure 6a)f** These peaks belong to-plane and out of
plane vibration mode of typical M@Ssample. The widtl
separation between two peaks is observed to be @3*
indicates the existenaef few layer nature of Mc, which are
also seen in FESEM (Figure 2). The other thalzg and Agq
vibration mode of annealed MgShew bands appeared in 1
as prepared MgSphase which clearly shows the formation
1T MoS2 phas& As synthesized 1T Mc (octahedral
geometry) is a metastable phase (not stable) andfsrmed tc
2H structure (trigonal prismaticegmetry) after annealing
400°C (Figure 6bY*® The intense Raman peak at 298, 430,
and 960 crit are assigned for as prepared Cdl, sample
which is shown in supporting informatidSI S-2(Figure S-1).
Whereas, the peak at 125, 150, 182, 238, 285, 389, 664,
754, 819, 860 and 890 chare assigned to annealed Cdl,
sample (Figure 6b). The Raman spectra of anneatfdoS,
sample do not show any signature of CdS or , sample

Intensity (a.u.)

indicating the formation of single phase CdM,. 200 400 600 800 1000
The XPS analysis of annealed CdN, sample was also . -1
carried out and which is observed to be good ageeémwith Raman shift (cm )

stoichiometric phase formation. The S were used to
investigate the chemicatate of Cd, Mo and S in the 4°C
annealed CdMosSsample. The Cd 3d, Mo 3d and S2p spe
of these samples are shown in Figurec7&he Cd spectra
showed two peaks with bindinghergy values of 404.9 ar
411.7eV, which corresponds to Cds3dnd Cd 33, core level
peaks respectively as reported eafffeSimilarly, Mo also
shows two peaks having bindingiexgy values of 228.8 ar i
232.1eV assign to Mo 3d and Mo 3d,, core level peaks a0 ] 350
respectively, which were characteristic featur¢hef tetragone ——— PRI ]
Mo*™/Mo*.4"*° Deconvolution of the XPS spectra by pe - R ™ m w0 3 mom
fitting revealed that the one Mo 3d doublets (2284 229.1 400
eV) indicative of a mixed-valent (Mband Mc") as shown in m_(c)
supporting information ESI: S-3 (Figure 8}1which is in good

agreement with earlier repcft.Further, the area under cur
reveal that percentage of Koand M&* are found to be 37¢
and 63% respectively (for more details see suppp 200
information ESI: S-3, Table S-1). Thsulphur 2p spectra it ]
showed a peak at binding energy 161.6 eV, configmtime e ) P . LI PR PG
presence of sulfuff Further, S2p peak deconvoluted into th finding Enersy (¥)
peaks at binding energies 161.0, 161.6 and 162.4ss\gnec Figure 7. (a) Cd 3d, (b) Mo 3d and (c) S 2P XPS spectra of CdMoS, annealed at 400 °C
to CdS, Mo$ and MoS species(see supporting informatic samples.

ESI: S-3, Figure S-18Y°°2 Our XPS measuremer
established the formation of stable Cd\, phase along with
occasional CdMog, phase.

Figure 6. (a) Raman spectrum of as prepared CdS, (b) annealed CdMoS,; and (c)
annealed MoS,.

1000 650
oo | () o] (D)

_ 800 ~ 550
] ;500-

(A

700 4 g
; 2 450
600 | s
= 4004

Intensity

= 3004

250 4

Intensity (a.u.)

The as synthesized CdS, V,, CdMoS, and annealed
MoS,, CdMoS, samples were further characterized by-Vis
spectroscopy as shown in Figure-b. It is observed that the as

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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prepared CdS, MgSand CdMog samples show the absorpti
edge cut off at ~510 (2.44 eV), 487 (2.55 eV) afd Am (2.5C
eV), respectively. In case of annealed Ma@8d CdMo$g (400
°C for 4 hrs), red shift in absorption edge has beleserved

The MoS nanosheets were prepared solvothermally u
ammonium molybdate and thirea in the methanol medium.
During the solvothermal process, the ammonium iansl
molybdenum ions are formed. Further these molybitaie are

The annealed samples of Moghd CdMo$ shows band gap of reacting with thiourea and form M,> ions as per the
1.6 and 1.5 eV respectively. In case of I, this may be due following reaction®

to decrease in the size and stackifiggheets and/or due to t
structure transformation into 2H M@® It is quite obvious the
CdMoS, may have such geometry as per the absor
behaviour.

The PL investigationsare useful for analysis of migratic
transfer, and recombination processes of photo cied
electronfole pairs in a semiconductor material. The rc
temperature PL spectra of the as synthesized aneéatetd
samples were recorded with an excitation wength of 350
nm and are shown in Figure 8c,d. The CdS samplershioe
broad emission peak at 630 nm and other low intgssioulder
peak shows at 644 nm. The strong orange emissitainell a
630 nm and other low intensity emission is attrouto the
surface state defects or clustering of nanopart®*>® In case
of MoS;, emission peak at 627 nm is due to the band
transition which matches with earliegports in literatur®” The
CdMoS, sample shows almost same intensity peak at 62¢
The weak peak at 645 nm in CdMasmple is also due to tl
surface state defects.

The selfassemblies of 2D and 3D nanostructures have
predominant degree aflustering which also gives such we
broad peak. The intensity of PL emission peaksMofS, and
CdMoS, sample are much lower than that of CdS sample w
indicates presence of more defects. This indiddtaisthere is i
great inhibition of electron (gand hole (h) recombination in
case of Mogand CdMog sample.

100

(a) AT

70 MaoS_400°C

CdMoS, 400°C

@
3

3

Cavos,

8

Reflectance (a.u.)

500 600 700 800
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T T T T T
00 300 400 500 600 700 800
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300000 (d)

250000
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Figure 8. (a) Reflectance spectra of as synthesized CdS, CdMoS; and MoS,. (b)
Reflectance of CdMoS, and MoS; after annealing. (c) Photoluminescence spectra of as
synthesized CdS, CdMoS,; and MoS,. (d) Photoluminescence spectra of as synthesized
CdS, annealed CdMoS, and MoS; at 400 °C for 4 hours.

3.1 Formation mechanism of MoS, Nanosheet
and CdMoS; nanoflower:

6 | J. Name., 2012, 00, 1-3

MOO,Z+ NH,CSNH, m—) MoS> (1)

During the reaction the ammonitions slowly decompose into
NH; and H ions. These Hions are reacting with Mc¢,®and
gives 1T phase of Ma%s per the following reactic®®

MOS,? + 4AH' e M0S, +2H,S 2)

The as prepared Mg®anosheet sample werelT phase and
observed that after annealing the sample at°C, it transform
to stable Mo$g (2H phase) which has been discussed earli
this manuscript.

The CdMo$g samples were prepared using ident
condition with cadmium nitrate as source materidhe
CdMoS, nanoflowers were formed proceeding through rea
(1) as per the following reactic
CP" + MOS)? e CAMOS, (3)

The above as prepared CdN, nanoflower sample were
annealed at 400C to confirm the formation of stable CdM,
phase. Surprisingly, we did not observe any chaimg¢he
surface morphology of as prepared and annealed, and
CdMoS, samples at 408C except puffiness of the nanoflowe
in case of CdMo$

The schematic representation of growth mechanismr
MoS; is shown in scheme 1. At hydrothermal condition,
MoS,* ions are slowly reduced to form M,. Primarily, the
MoS, nuclei’'s in supersaturated solution are formed
hydrothermal conditions. These nuclei further gramd form
the thin layered hexagonal roparticles by typical crystal
growth mechanisnie. Ostwald ripening process (Scheme :
Due to prolong hydrothermal reaction time, thereais2D
anisotropic growth of these thin hexagonal nandgesg by
oriental attachment and form a bigger thin [aMoS, sheets
(Scheme 1Db). Initially, the growth is quite fastiere to the higl
concentration of MogS nuclei and hence long sheets w
formed. As hydrothermal reaction proceeds with tintee
concentration of Mognuclei’'s in the reaction slows dow
which confer the formation of smaller My, hexagonal cell
with 2D vertical growth on bigger sheets (whichoa#cts as .
seed). Significantly, in the later stage of the royldermal
reaction, the smaller vertically grown hexagonalin:
nanosheets self-organizeshd form honeycomb like structu
(Scheme 1c) with hexagonal cavity. This is a venique
structure obtained in this manuscript, not repogedar in the
literature for the Mog It is well known that such 2D grow
and selfassembly is strongly reld to the intrinsic structure of
pristine MoS. Hence, honeycomb like structure with hexagc
cavity is quite justifiable. We observed that thabdity of 1T

This journal is © The Royal Society of Chemistry 20xx
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MoS, and as prepared CdMgpSis very poor as the
immediately dissolved in slightly alkaline mum. However,
annealed 2H MoSsample are very stable in alkaline condit

Scheme 1. Formation of Honeycomb structure of MoS,. (a) Hexagonal nanosheets (b)
monolayer of MoS; (c) MoS, Honeycombs.

The growth mechanism proposed for Cdl, is somewhat
similar but instead of honeycomb we obtained maudli
nanoflower like structure. Initially, tiny nucleif €dMoS, are
generated as per the reaction (3) in the supeegatlisolutior
and further growth of nanoparticles takes placehwtime
(Scheme 2a). These newly formed nanoparticles
spontaneously aggregated to minimize their surfecergy.
These nanopatrticles further grow anisotropicallgngl the 3C
directions and resulting in the formation of plaranosphere ¢
size 1.5 pm (Scheme RbAt prolonged hydrothermal reactic
further growth is hindered due to the reductionhie precurso
concentration. Hence, with prolong reaction timé (), there
is formation of slightly open nanoflower (schemg@. 2&/hereas
at 48 hr reaction time, ¢ne is formation of a 3D hierarchic
nanostructure.e. marigold nanoflowers.(Scheme 2d). Furtt
we studied the photocatalytic hydrogen evolutioanfr H,S
using annealed Mg&nd CdMo%nanostructure

™
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superior and stable cyclic performance with £0,héburacy o
activity due to the structural stability of thesatadysts. It i<
important to note that all the experiments reported irs
manuscript were carried out at an identical coaditiThe
comparative time dependent photocatalytic, production
activities are shown in Fig. 9. The utmos, productioni.e.
10300, 12555 and 25445 pMoh'g! were obtained for as
prepared CdS, annealed Mo&d CdMo{,;, respectively. It is
noteworthy that Mo$ and CdMo{, sample have rendered
significant photocatalytic activity, which is mudfigher thar
that of CdS samples reported in present work previously

reported nanostructures of CdS/(-MoS,.25:32:59-61
100.0k{ €9
| —@—Mos, 400°C 4nr
80.0k | —d#— CdMosS, 400°C 4hr
)
E -
< 60.0k -
=) ]
40.0k
20.0k
0.0 :

I I 1
100 150 200
Time (min)

0 50 250

Figure 9. Photocatalytic H, generation activity plot by H,S splitting for CdS, MoS, 400
°C and CdMoS, 400 °C.

Table 1:Hydrogen generation frol H,S splitting.

Scheme 2. Formation of marigold flower of CdMoS,. (a) CdMoS, NPT (b) self-assembled

CdMoS, nanosphere (c) Slightly open CdMoS, nanosphere (4) CdMoS, Marigold
nanoflower.

Sr. Catalyst used Average F, generated % Apparent
No. (uMole) quantum yield
1 Cds 1032( 14.54
2 MoS; 400°C 1255¢ 17.68
4 hr
3 CdMoS, 400°C 2544t 35.84

4 hr

3.2 Photocatalytic study:

We performed photocatalytic activity for, production from
copious HS. Photocatalytic Hproduction experilents were
conducted using as prepared CdS, Masd CdMo{y under
visible light irradiation. Tablel summarizes thesuks of
photocatalytic activity for 7 generation by
photodecomposition of 4% using as prepared CdS, annei
MoS, and CdMo$% nanostructig samples. The as prepa
MoS, and CdMo$% sample did not show any photocataly
activity due to thenstability in alkaline medium. As discuss
earlier, the structure of the as synthesized , and CdMo$g
itself is not stable and hence it gets degradednduthe
photocatalytic reaction. The annealed M@8d CdMo$ show

This journal is © The Royal Society of Chemistry 20xx

Considering the bandap of annealed M¢, CdMoS and
the as synthesized CdShe higher activity obtained fc
CdMoS, is quite understoodRecently, Hinnemaniet al has
demonstrated that M@Snanostructure material is go
photocatalyst for b production®? Additionally, the edge sites
of MoS, and vacancy defects were found to be responsilol
the photocatalytic activit§>®* It is well known that the
morphology of the material plays an crucial and amg@nt role
in the context of photocatalys**%>% The FESEM and TEM
image of the Mog clearly shows the honeycomb i
mesoporous structure. Further, the PL investigatiarere alsc
carried out which showed the vacancy defects irh hibie
materials which ultimately suppress the recombamatf photo

J. Name., 2013, 00, 1-3 | 7
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generatd charge carrier, significantly. Hence, the enhdr
photocatalytic H production activity were obtained for t
naked nanostructured Me$Honeycomb) is quite justifiable
Singh et al. has proved that MgSnanosheet gives good,

evolution as compared to the bulk sanffln the present case,

we utilized few layers of MoSnanosheets with honeycor
structure which has good stability along with shodrrier
diffusion time and her& shows good performance
photocatalytic activity for hydrogen producti®” Additionally,
for MoS, honeycomb structure (vertically grown hexagc
may be helping the fast transportpifoto generated carriers
the surface which also responsible for enhanc, production
as compared to CdS. Interestingly, the Cdl, nanoflower
sample show almost double, Hproduction performance
compared to CdS and Mg@Sample. The previous repc of
CdS and CdSe-MagShetero structure with 0.2 % M, shows
good photocatalytic activity due to the inter efenttransfel
(CdS/MoS compositesf® However, it decreases wi
increasing Mo$g concentration and reason for that is ¢
unknown®® Interestingly, in the present case, single pt
CdMoS,; confer higher H production activity with 35.84 ¢
quantum efficiency. We propose that the morpholofythe
CdMoS, as compared with MgSplay the important role fc
enhanced Hproduction. Furtherhie morphology of CdMc, is
a porous marigold nanoflower like structure and heve
demonstrated that the nanoflower like morphologyfengood
photocatalytic activity? The selfassembly of nanoflowers
from the thin petals which has more open surfaea dor
absorption of light and hence produce more numiaharge
carriers.The electron transfer to the surface is quitey due to
the thin nanosheets or nanopetals like morphologythe
sample which inhibit charge recombination. Inteéregy, these
nanoflowers are hollow and are observed to be i
crystalline in nature, which may also accountabde fhe
enhanced photocatalytic activityAs discusse: flower like
morphology (3D structure) has moadvantage of fast electr:
transport to the surface as compared to Honeycdristsre.
The vertically grown petals in honeycomb structure (.
structure) are accelerating diemn transport to the surface
not fast as compared to 3D flowdike structure. These
structures have significancen the electron transpc and
mobility.3*

This is the only report which demonstrates the ankd I,
production by photocatalytic 43 decomposition using CdMy,
nanoflower and honeycomb like MgShanostructure as
catalyst under visible light irradiation. The stabi of the
catalyst confirmed by performing recycles studiesl avhich
shows reproducibility of the results. The XRD ok reused
sample catalyst did not depict any change in treselpurity o
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H,S + HO — HS + H,0
Semiconductor__hv__,, HVB +e&CB
Oxidation reaction: 2HS 2F'VB ———» & + 2H'
Reduction reaction: 2H+ 26 CB ———» K

The HS splittingunder visible light takes place as follows.
0.25 M KOH solution with pH 12.5 (pKa= 7.0) and theak
diprotic acid HS (pKa= 11.96) dissociates maintaining
equilibrium with HS ions. The CdMo, and Mo$S absorb the
visible light and generate the and H. Due to the mesoporous
structure, generated and H easily goes to the surface of 1
catalyst and eagerly available for the photocatalgttivity.
The photogenerated' irom catalyst in valence band oxidiz
the SH ion to proton (H) and disulfide (S%) ion. The
photogenerated “ein conduction band from the catal
generates the molecular, Wy reducing the *. The reaction
solution was always kept in the sulfide atmosphéne
supplying the continuous bubbling of,S. The blank run
without H,S did not give any , production indicates that,H

production is from HS but not from water at simil:
experimental conditions.
| —m—cdMos, 400 °C u
6000 o ./'
] —8—os, 400 °c e
5000 - e
2 /I§°/
%4000 . ] ®
I} 3000 - 4‘
2000 - .é.
[
1000
o T T T T T I T T T
0 50 100 150 200 250

Time (min)

Figure 10 Photocatalytic H, generation from water with existence of sacrificial reagents
using CdMoS, 400 °C and MoS, 400 °C.

Table 2: Hydrogen generation from,@®isplitting

CdMoS, and MoS, which also indicates that the catalysts L
for H, production are highlgtable (see supporting informati

ESI S-4 Figure S1-S2We did not found any , production in
the absence of catalyst and in the dark conditiath6ut light).

Sr. Catalyst used Average |, generated Average H
No. With Methanol generated
(uMole) Without Methanol
(LMole)
1 CdMoS 400°C 1562.t 919.1
4 hr
2 MoS 400°C 1450.¢ 806
4 hr

Overall, it is observed that the CdMp&nhd MoS$, samples are
quite stable under the visible light and are actsaa active
photocatalysts. The mechanism of hydrogen generaiix
explained as below:

8 | J. Name., 2012, 00, 1-3

We have alsattempted the wat splitting experiment using
2D MoS, sheets and 3D CdMy nanoflower as an active

This journal is © The Royal Society of Chemistry 20xx
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catalyst in the presence of UV-visible light. Thighest B
production achieved by photocatalytic water spigti was
1562.5 and 1450.8 pMole'g? for CdMoS and MoS,

respectively. The time dependent Hroduction results were SB/FT/CS-116/2013 and MLP 028626. Mr.

Journalof Materials Chemistry A

of Science and Technology (Government of India) for
Ramanujan Fellowship Grant No. SR/S2/RJN-130/206d a
DST-SERB Fast-track Young scientist project Grant. N
Sunil Kadam

shown in Figure 10 and the,Hbroduction rate were given inwould like to thank Department of Science and Tebbgy and

Table 2. In the present investigations, we havel usethanol
as a sacrificial reagent. The methanol suppresseg\olution
of oxygen through formation of free radicals. Thhot-
generated electron reduced theiehs to form H gas while the
hole react with water molecule to form - OH radiddiese - OH
radicals are reacting with GBH and form - CKOH and HO.
The use of methanol as a sacrificial reagents tnehéchanism
is also discussed earlier by F. Guznetnal® The hydrogen
evolution without methanol as a scarifying agenswhaserved
to be very low (See ESI:S-5, Figure S-1 and Tablewhich
clearly indicates the significance of methanol. Tloev H,
production rate for water splitting as comparedhe HS is
quite obvious due to the thermodynamics of watdittisyy. In
nutshell, typically the morphology is responsibler fthe
enhanced K production. The Mogshas given comparable,H
production because of the good photocatalytic tgbifor
oxidation as well as reduction as reported earf@mr few
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(DeitY), Government of India, for the financial fqut. Dr.
Bharat B. Kale and Prof. Chan-Jin Park would like t
acknowledge the support by MSIP (Ministry of ScienkCT &
future planning), Korea through Brain Pool prograbr.
Bharat B. Kale also thankful to Centre for Matesidior
Electronics Technology (C-MET), Pune for implemeiota of
the project. Thanks for Dr. S. Arbuj for help in teasplitting
activity experiment.

Notes and references

#Centre for Materials for Electronics Technology KGT), Department of
Electronics and Information and Technology (Dei@dvernment of India,
Panchawati off Pashan road, Pune —411008, Indidobbl@yahoo.com
PPhysical and Materials Chemistry Division, CSIR-daal Chemical
Laboratory, Dr. HomiBhabha Road, Pune 411008, Malshtra, India
‘Department of Physics, University of Pune -41100dia.

layered M0%.>® We have demonstrated the detail investigatigwaterial Science & Engineering Department, Chonridational University,

of the H, production from HS and attempted to compare with?
water splitting results. Overall, it is notewortthyat the Mo$ 4
honeycomb structure and newly design Cdyl8® marigold

nanoflower demonstrates good ptoduction. 2

4. Conclusion

In conclusion, we have demonstrated the 2D honepchinS,
nanosheet and 3D nanostructure marigold flower€di¥10S,
with formation and growth mechanism. The annealirfg 6
samples at 408C confers very stable structures of (2H) MoS
and CdMo$g nanoflower. The photocatalytic ,Hproduction 7
from H,S and water splitting investigated for the annealed
MoS, and CdMog samples. The CdMaSxhibited enhanced 8
H, production as compared to Mp&s the morphology of '[he9
catalysts plays an important key role in the enbarent of H 19
production. The generatedteansfer to the surface is quite easy
due to the thin nanosheets and nanopetals like hotogy 11
which inhibit charge recombination. Additionall\het surface 12
defects generated by these nanostructures inhikitcharge
carrier recombination. Our results open up sevesal avenues 14
for utilization of MoS, CdMoS, and several other 2D layered
TMDCs nanostructure materials for enhanced phoabetat 15
activity. The MoS honeycomb like structure and newly design
3D CdMoS marigold nanoflower will have potential to be use(lzi6
in other optoelectronic and energy harvesting deszic 17
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