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In situ synthesis and high adsorption performance of
Mo00,/Mo040;; and MoO,/MoS, composite nanorods by
reduction of MoQO;
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Zhou, and Honggang Fu*

Key Laboratory of Functional Inorganic Material Chemistry, Ministry of
Education, School of Chemistry and Materials Science, Heilongjiang
University, Harbin, 150080, China. E-mail: wanggf w@163.com;
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Mo0O,/M04011 and MoO,/MoS; composite nanorods with high adsorption
performance were successfully synthesized by reducing MoQO; nanorods.
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Mo0,/Mo040;; and M0oO,/MoS, composite nanorods were successfully synthesized by reducing MoO;

nanorods. The adsorption performance of samples was evaluated by using Rhodamine B (RhB) and metal

ions in aqueous solutions as the targets. The results indicated that the obtained MoO,/Mo40,; and

MoO,/MoS, composite nanorods can present excellent adsorption performance. The BET surface areas of

samples increased with increasing the MoO;:S mass ratio. The adsorption kinetics for the RhB and Cu**

ions on the composite nanorods were well fitted to a pseudo-second order model.

1. Introduction

Chemical, physical, and materials studies on the nanometer scale
have experienced an enormous development because the
reduction of particle size in crystalline systems can result in
remarkable modifications of some of their bulk properties
because of a high surface-to-volume ratio and the quantum
confinement effect.' The synthesis of inorganic nanocrystals
with controlled shape, size, composition, internal structure, and
surface chemistry is of fundamental and technological interest for
mapping their shape/size-dependent material properties and for
consolidating their promising applications in optics, catalysis,
biosensing, and data storage.”'® Up to now, various techniques
have been developed to synthesize desired nanostructures, such
as hydrotherm, microemulsion, sol-gel, and combustion.'!

With the development of industry and technology, increasing
environmental pollution is of major concern, especially water
pollution caused by metal ions and dye.'>'* Heavy metal and dye
contamination exists in aqueous waste streams of many
industries, which are not biodegradable and tend to accumulate in
living organisms causing diseases and disorders. And thus, it is
necessary to remove them from contaminated waters. It is well
known that the noble metals are widely applied in catalysis
processes, electronics, and the chemical industry. However, the
noble metals have low natural concentration and high prices.'>'®

Adsorption is one of the effective and economical ways to
separate metal ions and dye from wastewater. Some materials can
be used for adsorption applications, such as zeolites, biomaterials,
Al,0O3, carbonaceous materials, and ions exchange resins.! 720
However, as sorbents, MoO,/Mo0,40,; and MoO,/MoS, composite
nanomaterials have never been reported.

Composite materials formed by combining two or more
materials could present complementary properties that have
shown important technological applications.*' Herein, we
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successfully prepared MoO,/Mo40;; and MoO,/MoS, composite
nanorods by reducing MoOj; nanorods for the first time. The
obtained MoO,/Mo,0;; and MoO,/MoS, composite nanorods can
present excellent adsorption performance. The adsorption kinetics
for the Cu®" ions and RhB on the composite nanorods were
investigated.

2. Experimental section

Analytical grade Na,MoO,4, H(NOs);, and sulphur powder were
obtained from Beijing Chemical Co. Ltd. All chemicals were
directly used without further purification. For the synthesis of
MoO; nanorods: Na,MoQO, (5 mmol) was dissolved in distilled
water (25 mL), and the pH was adjusted to 1 using a dilute HNO;
solution. The solution was agitated for 30 min. Then it was
poured into a stainless steel autoclave with a Teflon-liner of 50
mL capability and heated at 180 °C for 24 h. After cooling to
room temperature, the products were collected by means of
centrifugation, washed with distilled water, and dried in vacuum
at 80 °C. In the synthesis of M0o0O,/Mo40,; and MoO,/MoS,
composite nanorods, the as-prepared MoO; nanorods and some
sulphur powder were put into a crucible, and annealed at 650 °C
for 15 min in N, atmosphere.

Characterization: The size and morphology of the MoOs,
Mo0O,/Mo040;;, and MoO,/MoS, composite nanorods were
characterized with transmission electron microscopy (TEM, JEM
2010 with operating voltage of 200KV) and scanning electron
microscopy (SEM, Hitachi S-4800 with operating voltage of 15
kV). Raman spectra of the samples were taken by using a
Renishaw 1000 Micro-Raman spectrometer. X-ray photoelectron
spectroscopy (XPS) analysis was performed on a VG
ESCALABMK II with a Mg KR (1253.6 eV) achromatic X-ray
source. Fourier transform infrared spectra of the samples were
recorded at room temperature with a Perkin-Elmer Spectrum one
FTIR spectrometer using the KBr pellet method.

Dye adsorption experiment: 50 mg of the MoO,/Mo40,;, and
MoO,/MoS, composite nanorods was added into 50 mL of 5
mgL™' of Rhodamine B (RhB) aqueous solution followed by
stirring at room temperature in dark for 5, 10, 15, 20, 25, 30, 35,
40, 45, and 50 min, respectively. The MoO,/Mo4O;; and
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MoO,/MoS, composite nanorods with adsorbed RhB were
removed by means of centrifugation. The concentration of the
solutions was measured with a model UV-5220 UV-Vis
spectrophotometer in matched quartz cells, and calculated by the
s standard spectrophotometric methods at A=553 nm for RhB.
Metal ion adsorption experiment: 50 mg of sample was dispersed
in 50 mL of metal salt (500 mg) solution by stirring at room
temperature.
Kinetic studies: The first-order rate equation is given as:

k
0 Jo — =lo ——1 ¢ (D
&(g. ~4,) =logq, - == =
The pseudo-second-order equation is given as:
1
2 - L @
4 kg, 4.

Where ¢, and ¢, are the dye amounts adsorbed on the
adsorbents (mg g ') at equilibrium and at time ¢, respectively; k;
1s and k; are the rate constants of first and second order adsorptions,
in min' and g mg'. In fact, it is required that calculated
equilibrium adsorption capacity values, ¢, (cal.), should be in
accordance with the experimental ¢, (exp.) values.

3. Results and Discussion

20 3.1 Crystal structures and morphologies of samples
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Figure 1. XRD patterns of MoO,/M040;; and MoO,»/MoS, composite
nanorods with different MoQOjs:S mass ratios.

Table 1. Effect of the MoOs:S mass ratios on the compositions of
25 samples.

MoO;:S mass ratios Compositions of samples
1:0 MoO;
1:0.25 MoO; and Mo,4Oy,
1:0.5 MoO, and MoS,
1:1 MoO, and MoS,
1:2 MoO, and MoS,
1:3 MoO, and MoS,
1:4 MoS,

Figure 1(a) shows the XRD pattern of the prepared MoOs
nanorods. All the diffraction peaks can be indexed to the pure
orthorhombic phase MoO; (JCPDS 05-0508). No other impurity
peaks were detected. Figure 1(b-g) shows the XRD patterns of

30 the composite nanorods with different MoOj3:S mass ratios. When
the MoO3:S mass ratio was 1:0.25, monoclinic phase MoO,
(JCPDS 32-0671) and orthorhombic phase Mo,O;; (JCPDS 05-

0337) were obtained. With increasing the content of sulfur
powder, MoO, and hexagonal phase MoS, (JCPDS 37-1492)
35 were obtained. When the MoO;:S mass ratio was 1:4, pure MoS,
were synthesized. The effect of the MoO;:S mass ratios on the
compositions of samples was summed up in Table 1.

S50 nm

L,

Figure 2. (a) SEM (inset) and HRTEM images of MoOj; nanorods. (b-d)
40 HRTEM images of MoO»/MoS, (M00s:S=1:3) composite nanorods.

The corresponding scanning electron microscope (SEM) and
high-resolution transmission electron microscope (HRTEM)
images of MoO; nanorods are shown in Figure 2(a). The MoOj;
nanorods are ~ 200 nm in diameter and ~ 4 pm in length. Typical

4s HRTEM image of a single nanorod shows an interplanar spacing
of 0.38 nm corresponding to the (110) plane of orthorhombic
phase MoO;. Figure 2(b-d) shows the TEM and HRTEM images
of the MoO,/MoS, (Mo00;:S=1:3) composite nanorods. The
HRTEM image of a single composite nanorod shows interplanar

s0 spacings of 0.24 and 0.27 nm corresponding to the (200) plane of
MoO, and (100) plane of MoS,, respectively.
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Figure 3. FTIR spectra of (a) MoOs, (b) MoO,/MoS, (M005:S=1:2), and
(c) MoO»MoS; (MoO;:S=1:4).

ss In addition, the surfactant overlayer of the nanorods was
identified with Fourier transform infrared (FTIR) studies, as
shown in Figure 3. For MoO; nanorods, the band at 1629, 1001,
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and 867, 550 cm™' are attributed to the characterizing modes of
nitrate. However, for MoO,/MoS, composite nanorods, the
characterizing modes of nitrate vanished due to the high-
temperature treatment during the vulcanization process.

s Figure 4 shows the XPS spectra of MoO,/MoS; (M003:S=1:3)
composite nanorods. Obviously, Mo*" has been identified by its
Mo 3P and Mo 3d peaks, O” has been identified by O 1s peak,
and S* has been identified by S 2p peaks. On the low binding
energy side of the Mo 3d components is detected the S 2s peak at

10 226.5 eV. In addition, the S 2p spectrum can be fitted by four
peaks located at 161.8, 162.2, 162.9, and 163.1 eV, as shown in

Figure 4(d).
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Figure 4. (a) The survey XPS spectrum of MoO,/MoS, (M00O;:S=1:2)
15 composite nanorods. (b-d)) XPS Mo 3d, O 1s, and S 2p spectra of

Mo0O,/MoS,; (M00;:S=1:2) ¢

omposite nanorods.
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Figure 5. Raman spec

tra of (a) MoOs,

T
1000 1200

(b) MOOz/MO401 1

(Mo005:S=1:0.25), (c) MoO»MoS, (Mo00;:5=1:0.5), (d) MoO»/MoS,
20 (M005:S=1:1), and (e) MoO,/MoS, (M00O;:S=1:2).

Figure 5 shows

the

Raman spectra

of MOOz/MOSZ

(Mo005:S=1:2) composite nanorods. The Raman peaks of MoS,
appear at 383 and 408 cm’', which can be attributed to the E'5,
and the A, vibrational modes from S-Mo-S, respectively.

»5 3.2 adsorpti
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performance

of

MoO,/MoS, composite nanorods

MOOz/M04011

and

The performance of M0oO,/Mo0,0;; and MoO,/MoS, composite
nanorods was evaluated by the adsorption performance of RhB in
aqueous solution under dark condition. Figure 6(a) shows the

w
=3

adsorption capacity for RhB in different adsorbed times. As can

be seen, the adsorption capacities of RhB were 4.58, 3.50, and
3.38 mg g for the composite nanorods with MoO5:S=1:0.25,
Mo03:S=1:2, and M00O;:S=1:3, respectively.
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Figure 6. (a) Adsorption curves of RhB by MoO; Mo0,/MosOy,

Mo0O,/MoS,, and MoS, composite nanorods versus contact time in water.
(b) The pseudo-second order sorption kinetics of RhB onto MoO»/Mo0401,
and MoO,/MoS; composite nanorods.
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40 Figure 7. N, adsorption-desorption isotherm curves and pore size
distribution (inset) of M0oO,/Mo040O;; and MoO,/MoS, composite nanorods
with different MoOs:S mass ratios..

Table 2. Kinetic parameters for adsorption of RhB on the samples.

Samples

Mo0;:S=1:0.25
Mo0O;:S=1:2
Mo0s:S=1:3

(mgg™)
458
3.50
3.38

Pseudo-first-order

1.4926  0.0616
1.0157  0.0679
0.5928 0.0404

Pseudo-second-order

qe(cal) k(g mg’

mggh miny K

4.6183 0.1318 0.997
3.5170 0.2119 0.999
3.4066 0.2201 0.998

It is well known that the adsorption performance was closely

ss related to the ratio surface areas of samples. N, adsorption-
desorption isotherms and the corresponding BJH pore size
distribution plots of the as-obtained composite nanorods with
different MoO3:S mass ratios were performed to determine the
surface area of the samples, as shown in Figure 7. The BET
so surface areas are 4.6455 m*/g, 11.5271 m%/g, and 42.4063 m%/g

This journal is © The Royal Society of Chemistry [year]
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for the composite nanorods with MoO3:S=1:0.25, MoO;:S=1:2,
and MoOs:S=1:3, respectively. Of course, the adsorption
performance should be also related to the ionic radius of metal
ions.

To investigate the mechanism of adsorption, kinetic models
such as pseudo-first-order and pseudo-second-order have been
exploited to analyze the experimental data and applied for the
adsorption of the dye on the adsorbents. The slope and the
intercept of each linear plot in Figure S1 in ESI and Figure 6(b)
are used to calculate the adsorption rate constants (k; and k,) and
the amount of adsorption in equilibrium (g.). The calculated
kinetics parameters for adsorption of the dye onto the composite
nanorods are listed in Table 2. It was found that the calculated ¢,
(cal.) values from the pseudo-second-order kinetic equation agree
well with experimental ¢. (exp.). Thus, the experiment results
imply that the rate limiting steps in adsorption of dye are
chemical sorption involving valence forces through the sharing or
exchange of electrons between adsorbent and dye."

For comparison, the performance of MoO; and MoS, was also
evaluated by the adsorption performance of RhB in aqueous
solution, as shown in Figure 6(a). In comparison with
Mo0,/Mo0,40,; and MoO,/MoS, composite nanorods, the MoO;
can present higher adsorption performance, however, the MoS,
present lower adsorption performance. The adsorption capacities
of RhB were 4.75 mg g' for the MoO; nanorods. Figure S2
shows the N, adsorption-desorption isotherms and the
corresponding BJH pore size distribution plots of the MoO;
nanorods. The BET surface area is 2.3306 m%/g for the MoO,
nanorods.

Figure S3(a) in ESI shows the adsorption capacity for Cu®*
ions of M00,/Mo0,40;; in different adsorbed times. The kinetics
parameters for metal ions were analyzed using the pseudo-first
and second kinetic equations and the linear plots were shown in
Figure S3(b) and Figure S4 in ESI. The calculated g. values
agreed very well with the experimental data, suggesting that the
adsorption of Cu®" ions on the adsorbent also follows the pseudo-
second-order kinetic model. In addition, the adsorption capacities
for Zn**, Cr’*, and Pb*" ions by MoO,/Mo,0,, in aqueous
solution are shown in Figure S5.

4. Conclusions

In summary, pure orthorhombic phase MoO3; nanorods were
synthesized by a hydrothermal method first, and then
Mo0O,/Mo040;; and MoO,/MoS, composite nanorods were
obtained by reducing MoO; nanorods. The adsorption
performance of samples was evaluated by using RhB and Cu?*
ions in aqueous solutions as the target. The results indicated
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that the obtained M0o0O,/Mo0,40;; and MoO,/MoS, composite
nanorods can present high adsorption performance. The BET
surface areas are 4.6455 m?g, 11.5271 m*/g, and 42.4063
m*/g for the composite nanorods with Mo0Q5:S=1:0.25,
Mo0O;:S=1:2, and Mo0Oj3:S=1:3, respectively. The adsorption
kinetics for the Cu®" ions as well as RhB on the composite
nanorods were well fitted to a pseudo-second order model.
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