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Novel ultrathin a-MoO; square nanosheets with the width of 200—400 nm and the thickness of ~50 nm were synthesised successfully via a
facile and efficient solid sintered method using the carbon@MoS, nanocomposites as precursor. The as-prepared products were characterised
by X-ray powder diffraction, scanning electron microscopy, transmission electron microscopy, and tested in adsorption and photocatalysis to
remove Rhodamine B (RhB). Compared with commercial MoOj; and/or MoO; nanorods, a-MoQOj3 square nanosheets exhibit greater adsorptive
capacity and photocatalytic performance for degrading RhB. Moreover, this combination of adsorption and photocatalysis using o-MoQOj3
could be promising is demonstrated as a more pressing technique for contaminant removal from wastewater.

1. Introduction: In the past decades, with the development of
global industrialisation and the process of urbanisation, wastewater
contaminated by organic pollutant and/or toxicity has become one
of the most urgent environmental problems. Compared with many
traditional techniques, semiconductor photocatalysis, as a novel
and ‘green’ strategy, offers a tempting prospect and attracts con-
siderable attention for clean energy and environmental remediation
[1-3]. Moreover, adsorption/photocatalysis has been considered
as a promising and efficient method to remove organic pollutant
from aqueous solutions due to low cost, convenient operation, flexi-
bility, small amounts of harmful substances and simple design.
Interestingly, many recent reports also indicate superior adsorption
of semiconductor is contributed to enhance their photocatalytic
activity [4, 5]. For this reason, seeking and synthesis of the
visible-light-driven photocatalysts with higher adsorption and
photocatalytic efficiency for the degradation of organic pollutants
has become the most pressing environmental problems in the
current wastewater purification field.

In recent years, with the rise of graphene, two-dimensional (2D)
materials have been attracted extensive attention and show intri-
guing electronic, electrocatalytic, photocatalytic and adsorption
properties [6—10]. Moreover, many previous works also indicate
graphene-like materials can easily adsorb more organic contami-
nants from aqueous solution due to their larger specific surface
areas and characteristic laminated structure. So far amongst 2D
materials, Mo-based compounds such as MoS,, MoSe,, MoO;
and so on, is believed to have potential for organic contaminant
degradation and solving energy problems owing to their unique
layered structure and excellent absorption. Among the above
Mo-based photocatalysts, MoOj; is one of the most fascinating
star semiconductor due to its rich chemistry associated with
multiple valence states, high chemical stability and abundant in
source [11-16]. Generally, MoOs exists in three kinds of crystal
structures: orthorhombic o-MoOj3, monoclinic B-MoO; and hexa-
gonal MoQOj;. Orthorhombic a-MoO3 phase has unique layered
structure forming by corner-sharing [MoOg] octahedrons along
the [001] and [100] directions, which can be selected as a photo-
catalysis to fabricate anisotropic nanostructures with superior
properties in photocatalytic applications [14-16]. Very recently,
many o~-MoOs with special morphologies including nanorods,
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nanowires, nanobelts and nanoplates were synthesised and shown
excellent photocatalytic activity for degrading organic pollutants
[17-20]. Therefore, the modification of the structural and optical
properties of MoO; with controlled morphology is a promising
and challenging task for photodegradation of organic pollutants.

Herein, we first report the synthesis of ultrathin o-MoO; square
nanosheets by a facile and efficient solid sintered method using
the carbon@MoS, nanocomposites as precursor. The adsorption
and photocatalytic performance of o-MoO; square nanosheets
have been studied by the degradation of Rhodamine B (RhB),
which exhibit greater adsorptive capacity and photocatalytic
performance. More importantly, our researchers will provide
new insights into designing Mo-based photocatalyst with high
adsorption/photocatalysis performance for realising a revolution
of clean and renewable energy.

2. Experimental section

2.1. Catalysts preparation

2.1.1. Synthesis of resorcinol-formaldehyde (RF) resin spheres:
All chemical reagents were of analytic purity from the Sinopharm
Chemical Reagent Co., Ltd. and used directly without further
purification.

The monodisperse RF resins spheres were synthesised by using
resorcinol and formaldehyde solution as precursors [21]. In a
typical synthesis of e RF resins spheres, ammonia aqueous solution
(NH4OH, 0.1 ml, 25 wt%) was mixed with a solution containing
absolute ethanol (EtOH, 8 ml) and deionised water (H,O, 20 ml),
then stirred for >1 h. Subsequently, resorcinol (0.2 g) was added
and continually stirred for 0.5h. The formaldehyde solution
(0.28 ml) then added to the reaction solution and stirred for 24 h
at 30°C, and subsequently heated for 24 h at 100°C under a static
condition in a Teflon-lined autoclave. The solid product was
recovered by centrifugation and air-dried at 80°C for 48 h.

2.1.2. Synthesis of carbon@MoS, precursors: The carbon@MoS,
nanocomposites were synthesised by a hydrothermal process
and as follows: as-prepared RF resins spheres (0.01 g) were dis-
solved in 60 ml deionised water, then 0.44 g of Na,MoOy, 0.35 g
NH,OHeHCI and 0.60 g of Na,S were added to the solution
under constant stirring. Moreover, pH value of the mixture was
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adjusted to 6 by the addition of 2 mol/l HCl. The mixture was then
transferred into a 100 ml Teflon-lined stainless steel autoclave and
sealed, and the autoclave was placed in a pre-heated oven at 180°C
for 24 h and naturally cooled down to room temperature. Black pre-
cipitates were collected by centrifugation and washed with distilled
water and absolute ethanol for several times, and finally dried in
vacuum at 80°C for 8 h.

2.1.3. Synthesis of a-MoO; square nanosheets: The a-MoO;
square nanosheets were prepared by a solid sintered approach
using the above carbon@MoS, as a precursor. Typically,
carbon@MoS, precursors were transferred into a temperature-
controlled tube furnace, and heated to 450°C in an air atmosphere
for 4h to remove the carbon template and transform into
0o-MoOs. After that, the reactor is gradually cooled to room and a
black powder is obtained. In addition, commercial MoO; was
also of analytic purity from the Sinopharm Chemical Reagent
Co., Ltd. And MoOj3 nanorods were synthesised by a simple hydro-
thermal process according to a reported procedure [18].

2.2. Characterisation: The X-ray diffraction patterns were recorded
using a D8 advance (Bruker-AXS) diffractometer with Cu Ka radi-
ation (A=0.1546 nm). The morphology of the sample was observed
on a scanning electron microscope (SEM, JEOL JXA-840A) with
an acceleration voltage of 15 kV. Transmission electron microscop-
ic (TEM) images were further characterised the morphology of the
as-prepared products using a Japan JEM-100CX II transmission
electron microscopy operated at an accelerating voltage of 100 kV.

2.3. Photocatalytic test: In our experiment, RhB was chosen as the
simulated pollutants to evaluate the adsorption and photocatalytic
performance of the as-prepared MoOQj catalysts. In a typical adsorp-
tion experiment, 25 mg of adsorbent was added to a series of
250 ml beakers with RhB solutions (100 ml, 10-40 mg/l) under
constant stirring in dark. During the adsorption period, 2 ml of sus-
pension was removed from the reactor at regular time intervals of
10 min and centrifuged. Finally, the concentration of RhB was ana-
lysed by the Lambda 25UV/vis spectrophotometer.

Similarly, the photocatalytic experimental process is as follow:
25 mg of photocatalyst was added to a low-acidity aqueous solution
containing 200 ml of RhB aqueous solution (20 mg/1) and was mag-
netically stirred in the dark for 0.5 h under continuous stirring to
establish equilibrium between the dye and the catalyst. At a given
time (30 min) interval after commencement of irradiation, about
5Sml suspensions were collected and centrifuged (10,000 rpm,
Smin) to remove the photocatalyst particles. The supernatants
were collected and analysed by recording variations of the absorption
band maximum in the UV—vis spectra by using a Lambda 25UV/vis
spectrophotometer. Moreover, photocatalytic activity of commercial
MoO; and MoOj3 nanorods were also measured for comparison.

3. Results and discussion: Novel ultrathin o-MoO; square
nanosheets were synthesised by a facile and efficient two-step
chemical reaction, as schematically shown in Fig. 1. Firstly,
carbon@MoS, nanocomposites were prepared by a hydrothermal
process using carbon nanospheres as templates in aqueous solution.
Secondly, a-MoOj; square nanosheets were prepared by a solid sin-
tered approach using the above carbon@MoS, as a precursor.
Carbon nanospheres play a significant role in the shape-controlled
synthesis of the final products due to its steric effect. Based on
the above analysis, the reactions of MoO; can be expressed as
follows:

Na,MoO, + 4Na,S + 4H,0 — Na,MoS, + 8NH; + 4C0, (1)

Na,MoS, -+ 2NH,OH - HCl — MoS, + N, + 2H,0 + 2H,S
2
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2MoS, + 30, — 2MoO; + 280, 3)

The crystal phase of carbon@MoS, composites and 0-MoOj3
nanosheets was confirmed by X-ray diffraction analysis and
resulted in Fig. 2. Clearly, all the diffraction peaks of the obtained
carbon@MoS, composites can be assigned to hexagonal MoS,
(JCPDS Card No. 37-1492), and no other impurity peaks were
indexed in the XRD pattern. Moreover, typical patterns of carbon
in carbon@MoS, composites could not be observable due to its
low content and poor crystalline structures. After calcination, all
XRD patterns of a-MoO; nanosheets could be indexed to ortho-
rhombic phase of 0-MoO; (JCPDS card No. 35-0609). Moreover,
the crystallisation processes of o-MoO; were examined by
thermal analyses of the dried samples at temperature ranges of
30-600°C, as shown Fig. 3. Clearly, no obvious mass loss is
observed up to 600°C for prepared MoOsz nanobelts, indicating
that the bare MoQOj; remains stable over the entire temperature
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Fig. 1 Schematic illustration of the synthesis of a-MoQO3 square nanosheets
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Fig. 2 XRD patterns of carbon@MoS, and a-MoOj; square nanosheets
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Fig. 3 Thermal analyses of the as-prepared a-MoQOj3 square nanosheets
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range. And the slight mass loss (0.70%) is caused by the loss of the
absorbed water on the surface of the as-prepared a-MoO;, which
well agreed with XRD results.

The surface morphology and structure of carbon nanospheres,
carbon@MoS, composites and o-MoQO; nanosheets were carried
out by SEM and TEM. As can be seen from Figs. 4a and b,
carbon nanospheres with the average diameters of 100-200 nm
were observed by an extension of the Stober method. Figs. 4c and
d show petal-like MoS, nanosheets evenly coated carbon nano-
spheres through a hydrothermal process. After removal of carbon
nanospheres templates by calcination at 450°C, ultrathin a-MoO;
square nanosheets with the width of 200400 nm and the thickness
of ~50nm can be synthesised (Fig. 4e), which indicated steric
effect of carbon nanospheres is help for the morphological control
of a-MoOj. Further characterisation of o-MoO3 nanosheets was per-
formed by HRTEM (Fig. 4f"), clear Parallel lattice fringes with inter-
planar spacing of about 0.327 nm can be observed, corresponding to
(02 1) crystal planes of theorthorhombic phase of 0-MoO;, which is
consistent with the calculated spacing from XRD patterns. Moreover,
the SAED pattern of sample (inset of Fig. 5¢) indicates a-MoOs
nanosheets are single crystalline with the top/bottom surface of [0
1 0] and the growth lying preferentially along the [0 2 1] direction.

Fig. 4 SEM and TEM image of

a RF resins spheres

b, ¢ Carbon@MoS,; and

d, e a-MoQj; square nanosheets

fHRTEM image and SAED pattern (inset) of 0-MoOj; square nanosheets

To evaluate the potential application in water treatment
of as-prepared a-MoO; square nanosheets, the adsorption capa-
cities for RhB in the absence of light irradiation, are investigated.
Obviously, a-MoOj; square nanosheets exhibited higher adsorption
ability compared with commercial MoO;, MoO; nanorods and
MoS, nanoflowers, as shown in Fig. 5a. Moreover, ~80% of
RhB was removed by adsorption for 0-MoO; square nanosheets
within 18 min, and after that the above adsorption process
quickly reaches an adsorption/desorption equilibrium. Fig. 5b
shows the adsorption curves measured with different concentrations
of 10-30 mg/l using 0-MoO3 square nanosheets as adsorbents.
When RhB concentrations increase to 10 and 30 mg/l, the adsorp-
tion rates were extraordinarily fast in the first 20 min under all
concentrations. Then after 20 min a long period of slower uptake
was followed, and finally adsorbed amount reached its equilibrium.
More importantly, the removal rate of «-MoQOj; square nanosheets
remains almost the same and the maximum removal rate reaches
to 98.1% at MB concentration of 10 mg/1 and 88.2% at MB concen-
tration of 30 mg/l after adsorption for 30 min. In addition, the
photocatalytic activities of the above as-prepared products
were evaluated for the photodegradation of RhB aqueous solution
(20 mg/1) under visible light exposure after adsorption equilibrium
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Fig. 5 Absorption rate and Photocatalytic activity of RhB in the presence of different samples

a Time-dependent absorption rate of RhB in the presence of different samples

b Change in initial concentration of RhB in the presence of a-MoO; square nanosheets
¢ Photocatalytic activity of different photocatalysts in the decomposition of RhB (20 mg/l); and the above experiments were repeated three times
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Fig. 6 Schematic representation of reactive radical formation in a-MoOj
square nanosheets under visible light and photodegradation of dyes

for 30 min. It can be seen from Fig. 5¢ that o-MoQO3 square
nanosheets showed higher photocatalytic decolourisation of RhB
than commercial MoO3; and MoO; nanorods. When using com-
mercial MoOs as a photocatalyst, only 24% of RhB are degraded
in 60 min. On the contrary, the degradation efficiency of of
RhB over 0-MoOj3 square nanosheets and MoO; nanorods is 86
and 95% in the same time, respectively. The above experimental
results also indicated sheets-like structures and excellent adsorption
is beneficial for enhancing the efficiency of photocatalyst.

As is well known, photocatalytic activity is affected by many
factors which could influence each other and enhance the photo-
catalytic ability [20-22]. Many previous reports also indicate
faster and complete degradation of dyes under visible light
irradiation is attributed to the optical band gap of a-MoO;
(2.80-2.98 eV) that lies in the visible region and promotes stronger
absorption of photons. Based on the above experimental results
and the related literature reports, the photodegradation mechanism
is schematically shown in Fig. 6. In the photocatalytic process,
the absorption of photons by a-MoO; nanosheets generates
charge carrier that diffuse to the surface of nanoparticles under
visible light excitation. Meanwhile, the reaction photo-excited
electrons with oxygen produced superoxide radicals (¢O®~ and
reaction holes with water lead to the formation of hydroxyl radicals
(eOH), which are two crucial reactive radicals and responsible
for the degradation of pollutant. However, the exact adsorption
and photocatalytic mechanism of a-MoO; square nanosheets can
be further developed.

4. Conclusion: In summary, novel ultrathin a-MoO; square
nanosheets were synthesised successfully via a facile and efficient
solid sintered method using the carbon@MoS, nanocomposites
as precursor. Subsequently, 0-MoO3 square nanosheets exhibited
excellent adsorptive capacity and photocatalytic performance for
degrading RhB compared to that of commercial MoO3 and/or
MoO; nanorods, which could be promising materials in the field
of photocatalysis, wastewater treatment and environmental remedi-
ation. More importantly, 2D structures and excellent adsorption of
a-MoOj3 played fundamental roles in enhancing its photocatalytic
activity. Furthermore, our controllable synthesis route can provide
unprecedented insights for the development of metal oxide semi-
conductor with 2D structures for various potential applications,
such as pollutant purification, lithium battery, photochromic and
optical devices.
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