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Abstract: A facile hydrothermal route for the synthesis of #-MoQO3 nanorods and /-/a-MoOs3; composites was proposed.
XRD, TG-DSC, FESEM-EDX, TEM, FT-IR, Raman, photoluminescence (PL) and UV—vis DRS spectroscopy were
used to characterize the as-synthesized products. #-MoOs; was formed when the liquid/solid ratio of the raw materials
was 2:1 and 5:1. However, homogeneous /-/a-MoO3; composites were obtained when the liquid/solid ratio was
increased to 8:1 and 12:1. A possible mechanism by which h-MoO; is formed, and its transformation into a-MoO3 were
investigated. ~-MoOj3 annealing was found to comprise three mass-loss stages; i.e., the removal of each of the following:
physically adsorbed water, residual ammonium, and coordinated water. Both #-MoO; nanorods and #/-/a-MoOs
composites demonstrated excellent visible-light-driven photocatalytic performance with regard to methylene blue
degradation. The superior degradation efficiency of the /-/a-MoOs; composites was ascribed to a lower recombination
rate of electron—hole pairs, a reduced band gap energy, and an enhanced synergistic effect.
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1 Introduction

Hexagonal molybdenum trioxide (#-MoQOs,
space group: P63/m), which is a metastable phase of
MoOs polymorphs, has a unique one-dimensional
structure. A tunnel with a diameter of 3.0-3.5 A
runs along the ¢ direction. It is enclosed by twelve
[MoOs] octahedrons linked by sharing corners
along the a and b directions, as well as edges along
the ¢ direction [1]. The tunnel may contain mobile
monovalent cations and water molecules, and is
highly suitable for insertion reactions [2].

Owing to the large tunnel and the spatially
open layered structure, #-MoQ; exhibits numerous
potentially useful physicochemical properties, such
as photoluminescence, photochromism, electro-

chromism, photocatalytic activity, and gas sensor
properties, when compared with the thermo-
dynamically stable orthorhombic phase (a-MoOs,
space group: Pnma) [3—5]. It has recently been
reported that /-/a-MoOs composites have better
photochromic properties than single-phase #-MoOs
nanorods (NRs) when irradiated with sunlight [6].
Consequently, both #-MoO3; nanorods (NRs) and
h-/a-MoQj; composites are now amongst the most
promising candidates for use in applications such as
smart windows, chemical sensors, photocatalysts,
and lithium ion batteries [7—9]. Therefore, the
controllable synthesis of #-MoOs; NRs and
h-/a-MoQO3; composites has received increasing
attention in recent years.

In the past decades, we have witnessed rapid
advances in the synthesis of various MoO;3 nano-
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materials [10]. a-MoOs;, which has diverse
morphologies, has been widely investigated [11—15].
However, /4-MoO; and #A-/a-MoO; composites
have received relatively little attention. The most
common strategy for their synthesis is the
hydrothermal method, which uses various Mo
sources (e.g., MoO,(OH)(OOH), Na,MoOs-2H,0,
(NH4)6M07024'4H20 (AHM), and (NH4)2M04013'
H,0) and acids (e.g., HNOs, HCI, and H,SO4) as
raw materials [16,17]. In the present work, a
modified hydrothermal route for the synthesis of
h-MoOs and h-/a-MoQOj3; composites is proposed, in
which solid AHM is directly mixed with liquid
HNO; in an autoclave without the necessity of
forming an AHM solution in deionized water.
When compared with the syntheses reported in
the literature [18—20], the current method is simple
because it omits the formation of an ionic liquid and
the step of ultrasonic treatment. However, ZHENG
et al [21] used pure Mo powder, which is expensive,
as the Mo source material; this increased the
economic costs. Moreover, the synthesis was also
complex. The method proposed in the present
work is relatively simple. The influence of various
liquid/solid ratios of the raw materials (defined as
the ratio of the volume of liquid HNOs to the mass
of solid AHM) on the characteristics of the
as-synthesized products, the nucleation—growth
mechanism of /4-MoQO;, and the mechanism by
which /#-MoO; is transformed into a-MoQOs;, were
investigated. The photocatalytic performance of the
as-synthesized #-MoOs and /-/a-MoOs3 composites
with regard to the degradation of methylene blue
(MB) was also investigated.

2 Experimental

2.1 Synthesis

Concentrated nitric acid and reagent-grade
ammonium heptamolybdate tetrahydrate (AHM;
(NH4)sM07024-4H,O) were selected as the raw
materials, and were used without further
purification. In a typical experimental process,
20 mL of liquid HNOs3 and 10 g of solid AHM were
added directly to a 100 mL parapolyphenol-lined
stainless steel autoclave. The autoclave containing
the raw materials was then heated in an oven at
423 K for 12 h. After cooling to room temperature
(RT), the white precipitate was collected and

filtered several times with deionized water and
ethanol, and the final product was dried at 323 K
for 5 h. Various liquid/solid ratios of raw materials
(2:1, 5:1, 8:1, and 12:1) were used to determine the
influence of the ratio on the characteristics of the
as-synthesized samples. The samples synthesized
using liquid/solid ratios of 2:1, 5:1, 8:1, and 12:1
were named Samples S1, S2, S3, and S4,
respectively.

2.2 Characterization

The crystallographic structures of the as-
synthesized samples were characterized using
various technologies, e.g., X-ray diffraction (XRD;
TTR 1III; Rigaku Corporation, Japan), field-
emission scanning electron microscopy (FESEM;
ZEISS SUPRA 55; ZEISS, Oberkochen, Germany),
high-resolution Raman spectroscopy (HR-RS;
LabRAM HR Evolution; HORIBA Jobin YvonsS.
A. S., France), Fourier-transform infrared spectro-
scopy (FT-IR; INVENIO R, BRUKER Germany),
transmission electron microscopy (TEM), and
selected area electronic diffraction analysis (SAED;
Tecnai™ G2 F30 S-TWIN; FEI Corporation, USA).
Photoluminescence (PL) spectroscopy (using an
F-7100 FL spectrophotometer with an excitation
wavelength of 325nm) and UV-vis diffuse
reflectance spectroscopy (DRS; UV—5500PC) were
also adopted to determine the optical properties of
the samples.

2.3 Photocatalytic performance

MB dye was used as a typical model material
to examine the photocatalytic performance of the
as-synthesized samples. First, 100 mg of catalyst
was added to a beaker containing 200 mL of
MB solution (20 mg/L). The solution was stirred
in a magnetic stirrer at 600 r/min in the dark for
various time to establish an adsorption—desorption
equilibrium on the surface of the catalyst.
Subsequently, the residual liquid was irradiated
with visible light from a 300 W Xe lamp source.
The distance between the light source and the
solution surface was 10 cm. After illumination for
a period of time, the solution was collected by
centrifugation. The absorbance behavior of the MB
solution before and after irradiation was monitored
using a UV—vis spectrophotometer in the wave-
length range of 200—800 nm.
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3 Results and discussion

3.1 XRD analysis

Figure 1 shows the XRD patterns of the as-
synthesized samples obtained at various liquid/
solid ratios of raw materials. When the liquid/solid
ratio was 2:1, Sample S1 was clearly identified
as h-MoOs (PDF card No. 21-569). No peaks
attributable to other species were detected,
indicating the high purity of the as-synthesized
h-MoOs. When the liquid/solid ratio was increased
to 5:1, h-MoQO; was the only detectable product.
However, when the liquid/solid ratio was increased
to 8:1, peaks attributable to both A-MoO; and
a-MoOs; (PDF card No. 65-2421) were detected,

1-h-MoOj; (PDF card No. 21-569)
2-a-MoO; (PDF card No. 65-2421)
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Fig. 1 XRD patterns of as-synthesized products obtained
at various liquid/solid ratios of raw materials
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suggesting their co-existence in Sample S3. When
the liquid/solid ratio was further increased to 12:1,
another diffraction peak was detected, which was
attributed to MoO3(H>0) (PDF card No. 70-1513).
The XRD patterns suggest that the phase
composition was closely related to the liquid/solid
ratios of the raw materials; in other words, the
phase transformation from #-MoOs to a-MoO;
happened as the amount of HNO; was increased.

3.2 Thermal analysis

To investigate the thermal properties of the as-
synthesized samples, thermogravimetry—differential
scanning calorimetry (TG—DSC) curves were
obtained, as shown in Fig.2. Sample S1 was
selected as the analytical product, and the curves
were obtained under an Ar atmosphere from RT to
824 K at a heating rate of 10 K/min, followed by
cooling to RT again at a rate of 10 K/min in the
same Ar atmosphere.

In Fig. 2, the mass loss (wy) of the sample was
calculated using the following equation:
w, =20 2 100% (1)

m,

where mo and m; are the mass of the sample at the
beginning and the mass of the sample after reaction
for a period of time ¢, respectively. The TG curves
reveal that the total mass loss of the sample can be
divided into three stages, which can be defined as
Ami, Amy, and Ams. Herein, the values of Ami, Amo,
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Fig. 2 TG—DSC curves of as-synthesized 2-MoO; (Sample S1) recorded from RT to 824 K under Ar atmosphere at
heating rate of 10 K/min followed by cooling to RT again at rate of 10 K/min in same Ar atmosphere
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and Ams were calculated using Egs. (2), (3), and (4),
respectively.

Amy =w, —w, (2)
Amy =w, —w, 3)
Amy = W, =W, 4)

where w; is the mass loss of the sample after
reaction for a period of time f,. When the
temperature increased to 314 K, the mass of the
sample began to decrease; the time was considered
to be the initial time, =0 min. Subsequently, the
mass loss increased as the temperature increased.
When the temperature reached 453 K (reaction
time #=15 min), an obvious inflection point was
observed with a mass loss of approximately
Ami=—2.7%, which was due to the evaporation of
physically adsorbed water. Peak 1 on the DSC
curve indicates that the first mass loss stage was an
endothermic process. As the temperature further
increased to 558 K (reaction time #=25 min), a
second inflection point occurred (see Point 2); at
this point, the total mass loss w;, equaled —5.4%. It
was possible to deduce the second mass loss stage
Amy»=—2.7% using Eq. (3). The mass loss of Am>
may be ascribed to the liberation of volatile by-
products associated with ammonium decomposition
in the sample, and it resulted in the small
endothermic (Peak 2). When the temperature
increased to 719 K (reaction time =41 min), there
was a third mass loss process (see Point 3). In that
case, the total mass loss w;, was —7.7% and a third
mass loss stage Ams;=—2.3% was deduced. The mass
loss of Ams; may be attributed to the release of
coordinated water in the tunnel from the internal
structure of £-MoQOs [22]. There was also a strong
exothermic peak at 689 K on the DSC curve
(Peak 3), which may be attributed to the irreversible
phase transformation from 42-MoOj3 to a-MoQs. The
transformation temperature agreed well with the
temperatures reported in other publications [23,24].
Figure 2 reveals no mass or thermal changes on the
TG—DSC curves during the cooling process. This
indicates that a-MoQOs did not transform back to
h-MoOs in the low-temperature stage, further
suggesting the metastable property of the
as-synthesized #-MoOQ:s.

3.3 FT-IR and Raman spectra analyses
Fourier-transform infrared (FT-IR) absorption
spectroscopy was also used to characterize #-MoQOs

(Sample S1), and the results are shown in Fig. 3(a).
The absorption peaks at 3520.47 and 1613.61 cm™!
were ascribed to the stretching mode of O—H
group and the bending mode of H—O—H in H,O,
respectively, indicating the presence of physically
adsorbed water. The absorption peaks at 3225.28
and 1415.08 cm™! were attributed to the N—H
stretching and bending vibrations of the [NH4]*
groups, respectively, which revealed the presence of
residual [NH4]". The FT-IR spectrum results further
confirmed the presence of residual physically-
adsorbed water and ammonium, which agreed well
with the TG—DSC curves shown in Fig.2 and
provided in the literature [22,25]. The vibrational
peak at 97098 cm™! was ascribed to the
characteristic stretching mode of Mo=—0O double
bond of #-MoOs, and the peak at 798.01 cm™!
corresponded to Mo—O—Mo vibrations. Raman
spectroscopy was also used to characterize the
as-synthesized 4#-MoQO; (Sample S1). The peaks at
980.85, 905.96, and 888.7 cm™! shown in Fig. 3(b)
were attributed to the Mo—O double bond, and
the peaks at 693.92, 499.13, 419.60, 403.08, and
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Fig. 3 FT-IR (a) and Raman (b) spectra of as-synthesized
h-MoOs in Sample S1



Lu WANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2155-2167 2159

320.15cm™' were assigned to the O—Mo—O
vibrations. The peaks between 256.02 and
126.46 cm™! represent the skeletal modes of the
chains of MoO, tetrahedra [26].

According to the analysis described above,
the actual chemical formula of the as-synthesized
h-MoOs (Sample S1) can be modified to
MoO;-o(NH4)s(H — OH)., where a represents
oxygen vacancies, and b and c¢ represent the
numbers of residual ammonium and water
molecules, respectively. The reason for their
absences in the XRD pattern may have been
due to the small amounts of » and c. Therefore,
the formation of MoOs-(NH4)s(H—OH). may be
expressed by Eq. (5):

(NH4)sM07024-4H,0(aq)+HNOs(aq) ~25- 120 |

autoclave
MoOs-«(NH4)s(H—OH)(aq)+
NH4NO;3(aq)+H,0(1) &)

The mass loss processes of the three stages
shown in Fig. 2 during the heating process can be
expressed using Egs. (6)—(8), respectively:

MoOs-o(NHa)y(H—OH), 225
MoO;-o(NH4)s(H—OH)u(s)Hc—d)H20(g)  (6)

MoOjs-(NHa),(H—OH),(s) =25
MoO;_(H—OH).(s)+bNHs(g) (7)
MoO;-(H—OH)u(s) 2 2%-0-MoOs+dH,0  (8)

3.4 Microstructure examination
3.4.1 FESEM analysis

Figure 4 shows the morphology evolution of
the as-synthesized products formed from various
liquid/solid ratios of raw materials. When Sample
S1 was examined, the as-synthesized 4-MoQOs was
found to comprise perfect hexagonal rod-like
structures with clear faces and edges. They were
50-200 nm in diameter and several micrometers
long (Figs. 4(ai—a3)). The A-MoOs; NRs grew
outward rather than inward, and their gross images
appeared to show distinct flower-like structures.
When the liquid/solid ratio of the raw materials
was increased to 5:1 (Sample S2), the hexagonal
structures of /A-MoOs; NRs began to collapse
and their surface cross-sections became rough
(Figs. 4(bi—b3)). When the liquid/solid ratio was
further increased to 8:1 (Sample S3), the surface
structure of the product became much rougher and
each particle consisted of several small platelet- or
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Fig. 4 FESEM micrographs and particle size distribution diagrams of as-synthesized products produced using various

liquid/solid ratios of raw materials: (a;—as) Sample S1; (bi—bs) Sample S2; (ci—c4) Sample S3; (di—ds) Sample S4
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rod-shaped crystals (Figs. 4(ci—c3)). Combined with
the XRD results described above, these results
suggested that the product of Sample S3 could be
described as 4-/a-MoOs composites. The number of
platelet-shaped a-MoOj structures that were several
nanometers thick increased rapidly when the
liquid/solid ratio increased to 12:1 (Sample S4),
as shown in Figs. 4(di—ds); i.e., the number of
a-MoQ; nanoplatelets (NPs) increased as the H*
concentration increased. The FESEM results also
indicated that the morphology of the as-synthesized
products changed from one-dimensional hexagonal
nanorods to two-dimensional layered structures as
the liquid/solid ratio of the raw materials increased.
The average sizes of the products in the four
samples (S1, S2, S3, and S4) were 284.2, 242.7,
235.4, and 227.7 nm, respectively (Figs. 4(as—da)),
which also indicated that the increase in H'
concentration reduced the particle sizes of the
as-synthesized products.
3.4.2 Elemental composition

Figure 5 shows the EDX spectra of the
as-synthesized products produced using various

Lu WANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2155-2167

liquid/solid ratios of raw materials. The peaks at
0.525 and 2.4 keV confirmed the presence of O and
Mo atoms in the as-synthesized products. The
appearance of the peak attributable to C at 0.2 keV
was due to the conducting resin. Although there
was a peak attributable to N at 0.4 keV, its intensity
was very low and its concentration can be ignored.
The mass fraction and molar fraction of O and Mo
are tabulated as an inset in Fig. 5. Quantification
of the peaks gave the O/Mo atomic ratios of 4.11,
3.50, 2.83, and 2.28 for Samples S1, S2, S3, and S4,
respectively. Deviations of their O/Mo atomic
ratios from 3 may have been due to the presence
of adsorbed water, oxygen vacancies, or measuring
errors.
3.4.3 TEM analysis

The TEM results displayed in Figs. 6(a;—as)
revealed the hexagonal shape and well-defined
single-crystalline structure of the as-synthesized
h-MoOs in Sample S1. The lattice spacing of the
h-MoOs (Sample S1) was calculated as 0.9161 nm,
which agreed well with the value for a (100) crystal
plane. The growth of #-MoO; NRs along the (100)

(a) |Me (b) ™o
Element wt% at.% Element wt% at.%
O 40.62 80.41 O 36.84 77.78
o Mo 59.38 19.59 Mo 63.16 22.22
o)
Mo
. L Mo Mo e )
0 5 10 15 20 0 2 4 6 8 10
E/keV E/keV
© [Mo @ [wo
0 Element  wt.% at.% Element wt% at.%
O 32.08 73.92 (0] 27.57 69.55
Mo 67.92 26.08 Mo 72.43 3045
o
0 5 10 15 20 0 5 10 15 20
E/keV E/keV

Fig. 5 EDX spectra of as-synthesized products produced using various liquid/solid ratios of raw materials: (a) Sample

S1; (b) Sample S2; (c) Sample S3; (d) Sample S4
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Fig. 6 TEM micrographs of as-synthesized products produced using various liquid/solid ratios of raw materials:
(a;—a3) Sample S1; (b;—bs) Sample S2; (ci—c3) Sample S3; (d;—d3) Sample S4

T

direction could also be inferred from the results
shown in Figs. 6(a;—as3). When the liquid/solid
ratios of raw materials increased to 5:1 (Sample S2)
and 8:1 (Sample S3), the as-synthesized products
had rougher surface structures; some lattice
dislocations appeared even though their single-
crystalline structures remained. Both platelet- and
rod-shaped structures were present when the
liquid/solid ratio of the raw materials was increased
to 12:1 (Sample 4), as shown in Fig. 6(d;). Over all,
the TEM results agreed well with those obtained by
FESEM.

3.5 Formation mechanism of #A-MoO;3; and
a-MoOs3
As is known, the [MoOs] octahedron is the
basic building block of both 2-MoOs and a-MoO:s.

Only one Mo—O—Mo connection is formed if two
octahedrons are linked by a corner; however, two
Mo—O—Mo connections are formed if they are
linked by an edge. Compared with a linked corner,
two octahedrons linked by an edge have a lower
energy [27]. That is why a-MoOs is the thermo-
dynamically stable phase and A-MoOs is the
metastable phase. However, A-MoOs rather than
0-MoOs; was formed first in the present study,
which was hard to understand. This phenomenon
may be explained as follows. Initially, strong
interactions between AHM and HNO; take
place at 423 K in a high-pressure environment.
Subsequently, the [MoOg] octahedron is formed
via a spontaneous reaction between the Mo and
O atoms. The newly-formed octahedron then
interlinks through the cis-position with the
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assistance of NH, and OH  groups. It has been
suggested that the NH; and OH  groups in the
internal structure of MoQOs act as structure-directing
and stabilizing agents in the £-MoQO; nanocrystals
rods [22]. In other words, NH, groups may
contribute to edge sharing along the c-axis, and
OH™ groups may be beneficial to corner sharing
along the a-axis. This could lead to the anisotropic
growth of A-MoOs in a preferred orientation.
According to classical nucleation—growth theory,
numerous MoOs crystal nuclei are formed through a
diffusion mechanism when the actual solubility is
greater than its equilibrium value; subsequently,
the growth process proceeds. That is to say, the
energy required for the activation of MoOs crystal
nucleation from the mother liquor is greater than
that required for their growth. The interface energy
between the crystal nucleus and the mother liquor
also exerts an important influence on the formation
of the new phase, as described by Eq. (9) [28]. If
the structure of a new nucleus is similar to that of
the mother liquor, the energy barrier for nucleation
is greatly reduced, and the new phase is
preferentially precipitated. Because /#-MoOs and
the mother liquor had similar network structures,
h-MoO; rather than a-MoOs; was formed first.
Similar explanations have been given in other
publications [29—-31].

AG. =1/34"-o (9)
where AG, . is the critical Gibbs free energy

change for the homogeneous nucleation; A4* is the
surface area of the critical nucleus; o is the interface
energy between the new nucleus and the mother
liquor. Once the A-MoOs cores were formed, the
subsequent process proceeded readily through
heterogeneous nucleation owing to much lower
Gibbs free energy change, as described by [28]

AG,,, 2-3c0s8+cos’ 0
AG; 4

hom

(10)

where AG,, is the critical Gibbs free energy
change for the heterogeneous nucleation; 6 is the
contact angle. Furthermore, high-pressure hydro-
thermal reactions usually generate a special
subcritical or supercritical state. Therefore, the
reaction between AHM and HNO; probably
proceeded at a molecular level, which would
have greatly enhanced the activities of reactive

species; consequently, new chemical reactions
occurred and 4#-MoOs was formed first in a short
time [29]. Increasing the liquid/solid ratio of the
raw materials to 8:1 or 12:1 (Samples S3 and S4)
increased the H" concentration in the mother liquor.
The excess H' then reacted with the NH, and
OH™ groups, which reduced their concentrations.
Consequently, the structural stabilization of #-MoOs3
was impeded, and the as-formed 4-MoQO; collapsed
and exfoliated into numerous platelet-shaped
particles. In other words, the ~-MoO; NRs were
dissolved and recrystallized into a-MoOs; NPs;
i.e., a dissolution—recrystallization mechanism
existed during the hydrothermal process as the H"
concentration increased. A possible mechanism by
which the 4-MoOs; NRs and a-MoOs; NPs were
produced using the various liquid/solid ratios of raw
materials is presented schematically in Fig. 7.

3.6 Analysis of optical property and photo-

catalytic performance
3.6.1 Optical property

MoOs can absorb photons with energies that
exceed its forbidden energy gap, and generate
excited electrons that transform from the basic state
to the excitation state, and then photo-generated
electron-hole pairs are formed. However, the
electrons in the excitation state may return to the
basic state and recombine with the holes to produce
fluorescence [20]. PL spectroscopy was adopted
to estimate the recombination rate of the photo-
generated electrons and holes, which is an
important optical property of A-MoQOs. Because
the phase compositions of Samples S1/S2 and
S3/S4 comprised single-phase A-MoOs; NRs and
h-/a-MoQj; composites, respectively, only Samples
S1 and S3 were selected for the subsequent
analyses. Figure 8 shows the PL spectra of Samples
S1 and S3. The spectra revealed that the PL
intensity of Sample S3 was lower than that of
Sample S1, indicating a lower recombination rate of
photo-generated electrons and holes in Sample S3.
The lower PL intensity of Sample S3 may indicate
its higher photocatalytic activity.
3.6.2 Photocatalytic performance

Figure 9 shows the absorption—photocatalysis
performances of Samples S1 and S3. Figure 9(a)
revealed that the absorption efficiency of Sample
S1 increased gradually over time in the initial
stage; after 0 min (adsorption time: 60 min), the
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Fig. 8 PL spectra of Samples S1 (single-phase #-MoOs)
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absorption efficiency was hardly changed,
indicating the establishment of an absorption—
desorption equilibrium between the MB solution
and A-MoO; catalyst. The absorbance of MB
solution decreased rapidly after turning on the light,
and it changed from blue to colorless over 120 min.
The behavior of Sample S3 was similar to that of
Sample S1.

To make an intuitive comparison of the
absorption—photocatalysis performances of Samples
S1 and S3, their degradation efficiency (a) values
were calculated using the following formula:

A=A 100% (11)
where 4o and A, are the absorbances of the sample
at the initial time (—60 min) and the absorbance
after reaction for a period of time ¢, respectively.
Figure 9(b) shows the calculated results for the
degradation efficiency of Samples S1 and S3 after
various reaction time, from which it could be seen
that the MB degradation efficiency of Sample S3
was always greater than that of Sample S1, except
for in the final stage, indicating the larger
absorption—photocatalysis performance of Sample
S3. SONG et al [6] investigated the photochromic
properties of A-MoQOs; microrods and /-/a-MoOs
composites, and concluded that A-/a-MoOs3
composites have better photochromic properties
than A-MoOs; microrods when irradiated by
sunlight. The current results agreed well with those
reported by SONG et al [6].

The degradation efficiencies of various MoQO;
species with regard to MB dye under various
conditions are summarized in Table 1. Generally,
the efficiency of visible light assisted MB
degradation could be effectively improved by
increasing the catalyst concentration and
degradation time. However, the efficiency declined
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Fig. 9 Absorption—photocatalysis performances of as-synthesized samples: (a) Spectral evaluation of MB degradation

by Sample S1; (b) MB degradation efficiency vs reaction time (The negative and positive reaction times represent the

absorption and photocatalysis processes, respectively)

Table 1 Comparison of MB degradation efficiencies of various MoOj3 species under visible light

Material MB concen_tration/ Catalyst conc?ntration/ Tirr'le/ Degr.adation Source
(mg'L™) (mg'L™) min efficiency/%

0-MoO;3 10 1000 210 81.2 [32]

ZIF-8 10 500 120 82.3 [33]

h-MoQs3 nanocrystals 10 1000 120 90.74 [34]

h-MoOs3 nanocrystals 12 200 120 86.61 [22]

h-MoQOj; microrods 10 500 180 97 [35]

3 at.% Dy-doped MoOs3 10 500 50 97.76 [36]

Ce(5)/MoOs3 5 500 50 89 [37]
h-MoOs3 nanorods 20 500 120 97.03 This work
h-/a-MoOs3 composites 20 500 120 94.38 This work

as the initial dye concentration increased. Even
though the MB concentration used in the present
work was up 20 mg/L, the degradation efficiency
with regard to MB dye was still very high when
compared with the results reported in the literature.
Therefore, it can be inferred that the as-synthesized
h-MoOj3 and A-/a-MoQO3s composites investigated in
the present study exhibited better photocatalysis
performances.

Figure 10 shows the UV—vis diffuse
reflectance spectra of Samples S1 and S3. The
reflectance edges of Samples S1 and S3 were 485
and 480 nm, respectively, which indicated that
both samples had strong visible light absorption
capacities. In general, band gap energy (E,) is
considered a critical parameter for determining the
photoreaction activity of a material, so the superior
absorption—photocatalysis performances of Samples
S1 and S3 can also be explained by their band gap

energies [6]. Herein, the Kubelka—Munk (K—M)
re-emission function F(R) was used to predict the
band gap energies of Samples S1 and S3 based on
the following equation [38]:

(1-R)’
2R
where R is the diffuse reflectance of an infinitely
thick sample. F(R) is the re-emission or K-M

functions, which is related to the absorption
constant of the material:

hv-E,)"

F(R)=——— (12)

(

F(R)xo= (13)

hv
where a is the absorption constant; % is Planck’s
constant; v is the photo frequency; Av is the incident
photo energy; Eg is the band gap energy; n is a
parameter connected to the distribution of the
optical transition process in the band gap region.
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The value of n is either equal to 0.5 for direct
transition or equal to 2 for indirect transition [25].
With regard to MoOs, n is equal to 2 [6,21]. By
extrapolating the intercept of the plots of (Fhv)*?
against (hv), it is possible to determine E,, as shown
in the inset of Fig. 10. From the intercept of the
horizontal axis it can be seen that the calculated
band gap energies of Samples S1 and S3 were 2.81
and 2.75 eV, respectively. The lower band gap
energy of Sample S3 was responsible for its higher
visible-light-driven photocatalysis performance.
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Fig. 10 UV-vis diffuse reflectance spectra of Sample
S1 (a) and Sample S3 (b)

When comparing the particle sizes of Samples
S1 (284.2 nm) and S3 (235.4 nm) shown in Fig. 4,
it can be inferred that Sample S3 may have a larger
specific surface area than Sample S1. Therefore,
Sample S3 exhibited a stronger adsorption property
(Fig. 9), which further facilitated its photocatalytic
performance. That is to say, the synergistic
relationship between adsorption and photocatalysis
may also have played an important role in
improving the MB degradation efficiency of
Sample S3 [39].

4 Conclusions

(1) It was possible to divide the annealing
process of /-MoOs NRs into three mass loss stages
during heating from RT to 824 K. The three stages
were due to the evaporation of physically adsorbed
water, the decomposition of ammonium, and the
liberation of the coordinated water in the tunnel.

(2) [NH4]" in solution directed and stabilized
the formation of #-MoO; NRs when the liquid/solid
ratios of the raw materials were 2:1 and 5:1. When
the liquid/solid ratios of the raw materials was
increased to 8:1 and 12:1, the effect of [NHi]"
diminished and the A-/a-MoO; composites were
formed.

(3) Because of the lower recombination rate of
photo generated electron—hole pairs, the reduced
band gap energy, and the higher synergistic effect
between adsorption and photocatalysis, the
h-/o-MoQ; composites exhibited higher visible-
light-driven photocatalysis performance with regard
to MB degradation.
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