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Abstract: Molybdenum trioxide with different morphologies was synthesized by hydrothermal synthesis method using ammo-

nium heptamolybdate tetrahydrate (AHM) as the precursor. The effects of the reaction temperature, reaction time and the

addition amount of nitric acid were investigated. Simultaneously, the effects of the fresh reaction solution and the aged solu-

tion on the morphology of the products were also studied. The experiment results showed that fresh reaction solution crystal-

lizing at 180 °C for 40 h could produce uniform and regular hexagonal prism of MoO,;. However, when the reaction solution

was aged for a long time the MoO, obtained was sheet form. Finally, the effect of inorganic salts on the morphology of hexa-

gonal molybdenum oxide has also been investigated. The salts including FeCl,, Fe(NO;);, and Ce(NO; ), inhibited the

formation of regular hexagonal MoO; except KBr which decreased the diameter of section for hexagonal MoO; product. The

samples were characterized via field emission scanning electron microscopy (FE-SEM) , X-ray diffraction (XRD) and Fou-

rier transformation infrared spectroscopy ( FT-IR).
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Dimensionality is important in determining the
characteristics of nanomaterials. Over the past few
years, since the discovery of carbon nanotubes, much
effort has been devoted to the synthesis of one-dimen-
sional (1D) nanowires''', nanorods'®*!, and nanobe-
lis'*', due to the importance of fabricating nanodevices
and nanosensors. The layered transition metal oxides
and chalcogenides are very important anisotropic mate-
rials, of which V, 05, WO,, MoO;, MoS, and WS,
have been extensively investigated owing to their exten-
sively technological applications. For example, MoO,
and its derivatives have been known for their widely
used in industry as catalysts, e. g. in alcohol oxida-
tion. Tatibou t et al. )| used oriented MoO, crystal-
lites to study the structure sensitivity of the ethanol oxi-

dation, and Iwasawa et al. '®, Ono et al.'”’ and
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Zhang et al. '®' used supported samples to study molyb-
date-support interactions. On the basis of studies of
structure"™ , reactivity, infrared spectroscopy (IR),
extended X-ray adsorption fine structure spectroscopy
(EXAFS) , and Raman spectroscopy ( LRS)'®7) va-
rious authors have concluded that Mo = O bonds are the
active sites for acetaldehyde formation. Mo dimers were
suggested to be present by Iwasawa et al.'®”' on
Mo0,/Si0O, prepared from organometallic precursors.
The catalysts with Mo dimer structure on the surface
showed very high activity and selectivity to acetalde-

hyde[6‘9’m:.

plications in building display devices, sensors, smart

Moreover, MoO, also have promising ap-

windows, lubricants, battery electrodes, and nano-
structured materials in the latest context'" =7,

Usually, MoO; has been prepared into various
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morphologies using host materials and templates >’

MoO, nanofibers with diameters of 50 ~ 150 nm and
lengths up to 15 wm have been prepared via hydrother-
mal process, with the precursor of molybdic acid MoO,
- 2H,0 and the template of amines C H,,,, NH, "’ .
Hollow MoO, nanospheres have also been synthesized

from the precursor compound MoO, (OH) (OOH) with

d®. Moreover, many

a triblock copolymer metho
other molybdenum trioxide with different morphologies
( nanorods, nanotubes, and mesostructured toroids )
are now fabricated based on different procedures and
synthesis techniques.

Although there are many synthesis methods used
for preparing 1D nanostructured anisotropic molybde-
num trioxide, the hexagonal prism-like MoO; has not
been investigated in detail, including a series of influ-
ence factors, such as reaction time, reaction tempera-
ture and the pH values et al. . In this contribution, we
studied the influence of the above conditions on the
morphology , and also the effects of the addition of inor-

ganic salts on the products morphology were studied.

1 Experiment

In a typical procedure, 10 mL of (NH, ) Mo,0,,

saturated solution was acidified (pH = 5) using 2.2
mol L' nitric acid. Then it was diluted with 10 mL

deionized water, and further acidified using the same

concentration nitric acid and stirred for 30 min. The
resultant solution, together with white precipitate, was
transferred into a Teflon-lined stainless steel autoclave
and heated at 180 C for 40 h. The final product was
filtered and washed with water, ethanol and ether, fol-
lowed by drying at room temperature.

When the effect of inorganic salts was investiga-
ted, the synthesis procedure was the same to the above
except that 20 mL of inorganic salt solutions, with the
concentration of 0. 5 mol L', were added to the pH
= 5 AHM solution.

FE-SEM image was recorded with a JSM-6701F
field emission scanning electron microscopy. XRD
characterization was performed on a Rigaku D/Max-3B
diffractometer with Cu Ko radiation ( scanning rate =
4°/min, voltage = 40 kV, current = 25 mA). Fourier
transformation infrared spectroscopy (FT-IR) was car-
ried out with a Thermo Nicolet 5700 FT-IR Spectrome-

ter.

2 Results and discussion

2.1 The effect of the crystallization temperature
The effect of the crystallization temperature on the
as-prepared MoO, samples was carried out at 120 °C ,
150 °C, 180 °C and 200 °C, respectively, while the
reaction time was fixed at 40 h (Fig.1). At 120 °C, a
hexagonal crystal rudiment appeared, and the crystalli-

Fig. 1 FE-SEM images of as-prepared MoO, samples with constant reaction time and different temperatures

(a) 120 C; (b) 150 °C; (c) 180 °C and (d) 200 C



w4 B A BRI MoOs K B A IR JEAE RO S T 5 293

zation was incomplete. When the temperature was up
to 150 °C although the crystallization process was fur-
ther promoted, the coarse and defective crystal was still
irregular. It could be seen that the regular and uniform
hexagonal prism of MoO,, of which the diameter of
section was approximately 3 wm and the length was a-
round 15 wm, was obtained at 180 °C. Further in-
creasing the reaction temperature up to 200 C some

small crystal branches outgrew on the surface. It was

demonstrated that below 200 °C the increasing of the
temperature was advantageous to product crystalliza-
tion, but higher temperature than 180 °C would cause
the crystal branches to appear.
2.2 The effect of the crystallization time

The crystallization temperature was fixed at 180
°C while the crystallization time was varied in the range
of 9 ~60 h. From the FE-SEM images of Fig.2, it was
clearly showed that the growth of MoO,highly depended

Fig.2 FE-SEM images of as-prepared MoO, samples with constant reaction temperature but with different reaction time

(a) 9 h; (b) 24 h; (c¢) 40 h (Fig.1c) and (d) 60 h

on the reaction time. When the reaction time was shor-
ter than 40 h, the crystallization was incompleted and
the clear-cut hexagon was absent. However, small
branches appeared in the hexagonal surface when the
reaction time was longer than 40 h. Such phenomenon
was also observed when the temperature was higher
than 180 °C with the constant reaction time. From the
comparison of the product images, it was sure that the
perfect crystal could be obtained at 40 h, shorter or
longer reaction times were both disadvantageous for the
crystal growth.

2.3 The effect of pH values

To convert molybdate anions of Mo,0,,°” to neu-

tral MoO,, excess divalent oxygen anions must be re-

moved. Stoichiometrically, three divalent oxygen ani-
ons per Mo,0,,°” must be combined with protons from
the acidic medium :

Mo,0,,°” + 6H" = 7Mo0O, + 3H,0 (1)

In the above equilibrium, the reaction would shift
to the right with high concentrations of both Mo, 0,,°~
and H*. Tt is thus anticipated that the formation of
MoO, should have a strong dependence on the acid
concentration ( protons provided ). The pH values of
the reaction system with different addition amount of
HNO, were shown in Table 1, and the corresponding
FE-SEM images were shown in Figure 3. The images

in Figure 3 illustrated that the crystallization was partial

Table 1 The pH values after reaction corresponding to different addition amount of HNO,

AHM saturated HNO, Temperature Time pH
Sample
solution ( mL) (mL) () (h) (after reaction)
10 5 180 40 1.02
10 10 180 40 0.20
3 10 15 180 40 0

and the diameter of section of the product was big when
the addition volume of HNO;was 5 mL. However, the
perfect and complete morphology was obtained with 10
mL of HNO,. When the addition amount of HNO; was
increased to 15 ml the complete crystal could also be

obtained. Nevertheless, the surface of the product be-

came rough. In a word, the results were suggested that

the pH value would take significant effect on the mor-

phology of the product.

2.4 The effect of the aged time for the acidified
AHM precursor solutions

Figure 4 shows the FE-SEM images of as-prepared
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Fig. 3 FE-SEM images of as-prepared MoO, samples with different addition amount of HNO,
(a) 5mL; (b) 10 mL (Fig.1¢); (¢) 15 mL

Fig. 4 FE-SEM images of as-prepared MoO, samples under the same experimental condition

but with different storage period of AHM precursor solutions

(a) Fresh AHM saturated solution; (b) aged AHM saturated solution

MoO, samples under the same experimental conditions
but with the different storage period of the AHM pre-
cursor solutions. The fresh solution was used immedi-
ately after preparation, and the aged solution was kept
at least 15 days at room temperature after preparation.
Regular and well-proportioned MoO, hexagonal prism
was obtained when the fresh solution was used ( Fig.
4a). However, homogeneous MoO, nanobelts, which
belonged to a-MoO, according to the XRD analysis af-
terward, were synthesized when the aged solution was
used. According to the experiment results, the storage
time of the saturated AHM precursor solution was criti-
cal to determine the microstructure of the final MoO,
product.

The XRD patterns of the as-prepared molybdenum
trioxide nanobelts and hexagonal prism are illustrated
in Fig. 5. All the diffraction peaks of Fig. 5b can be
indexed as an orthorhombic-phase MoO, ( JCPDS 05-
0508, a = 0.3962 nm,b = 1.385 nm,c = 0. 3697
nm). An observation of the strong reflection peaks
(020), (040) and (060) (Fig. 5b) reveals an ori-
ented anisotropic growth of the analogically a-MoO,

nanobelts. The diffraction peaks of Figure 5a can be

%523 %
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Fig. 5 XRD patterns for as prepared MoO,samples

(a) hexagonal prism; (b) nanobelts
indexed as a hexagonal-phase MoO, ( JCPDS 21-
0569 ), which is consist of the highly asymmetrical
MoOy octahedra interconnected with their corners.

The FT-IR spectra of MoO; nanobelts and hexa-
gonal prism were measured in the range of 4 000 ~ 500
em~'. The as-prepared nanobelts (Fig. 6b) showed
three peaks at 550, 866, and 992 ecm ™", respectively.
The peak at 992 em ™' is attributed to the terminal Mo

= O stretching vibration, which is an indicator of the
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layered orthorhombic MoO, phase. The band at 866

em ' is assigned to the Mo’ stretching vibrations in

Transmittance (%)

1 1 1 L L 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Fig. 6 FT-IR spectra for (a) MoO, hexagonal prism
(b) MoO;nanobelts

the Mo-O-Mo units. The signal at 550 ¢cm ™' is associ-
ated with the bending mode vibration of the Mo-O-Mo
entity, while the oxygen ion is shared by three Mo
2121 The broad band region in 3 436 ~ 1 643

em ' showed in Fig. 6 indicates that there is adsorbed

ions

water in the samples. It also can be seen that the peaks
in Fig. 6a are different from the peaks in Fig. 6b. This
might originate from the discrepancy in the structures
and morphologies of the two samples.
2.5 The effect of the inorganic salts addition
Figure 7 demonstrates the inorganic salts influence
on the MoO; morphology. According to the experiment
results, it was found that the addition of FeCl;, Fe
(NO;);, and Ce(NO, ) ,inhibited the formation of reg-
ular MoO, hexagonal prism. However, KBr was advan-

tageous to the formation of molybdenum trioxide hexa-

gonal prism .

It is probable that the hexagonal-phase

Fig. 7 FE-SEM images of as-prepared MoO, samples with adding the different varieties of inorganic salts

but with the same concentration

MoO; is consisted of zigzag chains of MoO, octahedron
which connected with corner, and the adjacent chains
link up with cis-position to form sheet which accumu-
late and then extend in space to create one-dimensional
hexagonal tunnel structure. This structure contains
many defects in the tunnel, so the monovalent ion like
Na® K" NH, " etc'”"®/ can occupy the vacancies to
stabilize the structure and compensate for the charge

. . 3 3
imbalance caused by Mo vacancies. Fe’* and Ce’"

cannot embed the channel, so they have negative effect

to the structure stabilizing.

Figure 8 illustrates how the concentration of KBr
affects the morphology of hexagonal MoO;. When the
concentration of KBr was 0.5 mol L' the morphology
of the MoO, product with 2. 63% ( determined by
XRF) of K* was the best. The average diameter of the
sample is between 200 nm and 800 nm, and their
length range from 1 pm to 8 wm. When the concentra-
tion was lower than 0.5 mol ™" | there is a lack of K*

to embed the tunnel to stabilize the hexagonal struc-
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Fig. 8 FE-SEM images of as-prepared MoO, samples with adding the different concentrations of KBr solution

ture, so the obtained sample was defective. When the
concentration was higher than 0.5 mol L™", the crys-
tallization was promoted. The probable reason was the
amount of K* which embedded the tunnel was increas-
ing. And when the ongoing crystallization was unfin-
ished, the other one was in the process. As a result,
the product obtained was branched. In sum, an appro-
priate concentration of KBr is necessary to form uniform

product.

3 Conclusion

In summary, we obtained the hexagonal-prism
MoO, with the precursor solution of AHM and acidified
by HNO, via a hydrothermal process. The best reaction
temperature and time were 180 “C and 40 h, respec-
tively. However, the hexagonal MoO; was transformed
into sheet MoO, when the AHM precursor solution was
kept for several days. Several inorganic salts were used
in order to investigate their effect on the product mor-
phology. It was found that the addition of KBr could ef-
fectively decrease the diameter of section while the reg-

ular hexagonal prism of MoO; was maintained.
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