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Chapter 5 

“Observation is a passive science, experimentation an active 

science.” 

- Claude Bernard 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Morphological evolution from 1-D to 2-D MoO3 

nanostructures via sol-gel for imparting rapid 

photocatalysis 
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5.1  Introduction    

The influx of solar radiation on the earth surface presents opportunities of 

developing green processes which could be exploited to harness the solar energy 

for environmental remediation and energy applications. Photocatalysis is 

semiconductor catalyst enabled process transforming solar energy into chemical 

energy either for the production of hydrogen or degradation of harmful organic 

industrial chemicals such as dyes [1]. In the past decade, a significant number of 

nanocrystalline semiconductor metal oxides, such as TiO2, ZnO, LaCrO3, Cr2O3, 

SnO2, MoO3, have been utilized for photocatalytic dye degradation [2-7]. Among 

these nanostructured metal oxides, MoO3, a wide band gap n-type semiconductor, 

is particularly interesting as, unlike most other intercalation transition metal oxides, 

it possesses an optical band gap that can directly harvest solar energy [8]. 

Additionally, it is photo-corrosion resistant and stable material. Owing to its typical 

properties, it has been explored for prospective applications in smart chromic 

systems, gas sensors, catalysts and energy storage [9-14]. However, it has not 

been routinely investigated as the photocatalytic material for dye degradation, and 

only sporadic reports are available in this direction [15]. To realize its practical 

application as industrial nano-photocatalyst, the key challenge is tunable–

morphology oriented large scale synthesis using the facile yet scalable method.  

In this context, we report a novel, the economical and hitherto unreported route to 

synthesize 1D (nanorod) and 2D (nanobelt) MoO3 nanostructures at gram scale 

using conventional as well as sonochemical sol-gel technique. The details 

pertaining to the literature survey corresponding to the synthesis of MoO3 

nanostructures using various methods and a brief description of sol-gel route have 

already been presented in Chapter 2. The structural, morphological and optical 

properties of these structures were tuned by modifying the synthesis protocol. The 

photocatalytic properties of the resultant MoO3 nanostructures were investigated 

for the degradation of the representative heteropolyaromatic pollutant dye, 

methylene blue (MB) in view of its extensive use in wide-ranging industrial 

applications. We have observed that appreciable photocatalytic MB dye-

degradation can be accomplished within 30 minutes with high rate constants of 

0.0786 min-1 and 0.233 min-1 for rod and belt-like MoO3-nanostructures, 

respectively. The pilot results indicate that the resultant MoO3 nano morphs can 

be potentially used as solar light-driven industrial photocatalyst material with 

inherent photostability. A brief comparison of the photocatalytic dye degradation 

studies in respected of the samples prepared by sol-gel method with two 
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representative nanocomposite samples develop ed by solid-solid reaction route is 

given at the end of chapter 5. 

5.2 Molybdenum Oxide Nanostructures via Conventional and Ultrasonication 

Assisted Sol-Gel Route 

5.2.1 Experimental: 

 5.2.1.1Synthesis of MoO3 nanostructures 

Molybdenum oxide nanostructures were synthesized using conventional and 

sonochemical sol–gel method. In the conventional sol-gel method, ammonium 

molybdate powder (0.1 M) was dissolved in 50 ml of distilled water. Then urea 

(0.3 M) was added in 50 ml of distilled water. This solution was mixed with the 

previous solution. The mixture was subsequently stirred carefully using a 

magnetic stirrer, and acetic acid (75 ml) was simultaneously added dropwise to 

this solution. The solution was heated at 80 °C until the white colored 

suspension was formed in the solution. This suspension (sol) was allowed to 

settle (aged) for 8 days in order to form the sol-gel. The gel was dried at 100 °C 

in an oven for 6 h to obtain a white colored powder. Subsequently, this powder 

was heated at 400 °C in a furnace for 4 h which led to the formation of light 

blue colored powder. In sonochemistry assisted sol-gel method, the reaction 

procedure is similar to the conventional sol-gel method except that after the 

suspension was formed, it was irradiated using an ultrasonic horn for 2 h (with 

‘On’ and ‘Off’ cycles of 5 sec, respectively). The resultant suspension was 

allowed to settle (aged) for 8 days to form the sol-gel. The gel was dried at   

100 °C in an oven for 6 h to obtain a white colored powder. Subsequently, this 

powder was heated at 400 °C in a furnace for 4 h, and the off-white colored 

powder was finally obtained. The schematic showing conventional and 

sonochemical sol-gel process for nanomaterials synthesis is shown in figure 

5.1.  

 

 

 

 

 

 

 

 

 Figure 5.1 Schematic depicting conventional and sonochemical sol-gel routes. 
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The samples prepared using conventional and sonochemical sol-gel methods are 

referred as SG and USG, respectively. 

5.2.1.2   Physico-chemical characterization 

The structural information on virgin powder samples was obtained using X-ray 

diffraction (Bruker D8 Advance) technique. The diffracting angle 2(θ) was 

varied between 10 - 80° range and the observed XRD peaks were compared 

with standard JCPDS cards. The surface morphological features of the 

samples were investigated by field emission scanning electron microscopy (FE-

SEM) using HITACHI S-4800. The fine-scale microstructure of the samples 

was examined by field emission transmission electron microscopy (FE-TEM) 

using JEM-2200FS (JEOL, Japan) at an acceleration voltage of 200 KV. The 

samples for FETEM were prepared by dispersing fine powder of the resultant 

product in an isopropyl alcohol. A drop of dispersion was then transferred to 

carbon coated grid for further analysis. Diffuse reflectance UV-Visible 

absorbance spectra were recorded using Shimadzu UV-Vis-NIR 

spectrophotometer (Model UV-3600) over a wavelength range 300 to 800 nm. 

5.2.1.3  Photocatalytic activity study 

The preliminary results towards photocatalytic degradation were obtained by 

studying degradation of MB using the synthesized MoO3 nanostructures. The 

photocatalytic activity of MoO3 nanostructures was ascertained by carrying out 

the degradation of aqueous MB solution under 400 W mercury vapor lamp 

irradiation. The catalyst powder consisting of nanostructured MoO3 (50 mg) 

was suspended in 100 ml aqueous MB solution (10 ppm, pH 7) in a 250 ml 

conical flask and stirred for 30 min in the dark, at room temperature. Then, the 

mixture was continuously stirred under 400 W mercury vapor lamp. At regular 

intervals of time, aliquots of aqueous solution were taken from the flask, 

centrifuged and the UV–vis absorption spectrum of the clear solution was 

recorded using a double beam spectrophotometer. The decrease in the 

absorbance (C/Ct) value at 664 nm wavelength which corresponds to the 

signature peak of the absorption spectrum of MB was employed to determine 

the extent of degradation of MB with respect to the irradiation time. 

5.2.2  Results and discussion   

5.2.2.1 X-ray diffraction  

Typical XRD patterns of the as-prepared products obtained using 

conventional and sonochemical sol-gel method are presented in figure 5.2. 

Both the XRD patterns predominantly show peaks arising from reflections of 

orthorhombic α-MoO3 (JCPDS #05-0508) at 2θ ~12.81, 23.51, 25.81, 27.45, 
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29.60, 33.82, 35.70, 39.31, 45.91, 49.55, 53.14, 55.63, 56.43, 58.92, and 

64.74° corresponding to planes (020), (110), (040), (021), (130), (101), 

(041), (150), (200), (002), (211), (112), (042), (081) and (062), respectively. 

Both the samples exhibit sharp peaks ascribable to their highly crystalline 

nature.  However, relatively sharper peaks in the case of SG sample imply 

its better crystallinity. 

 

 

 

 

 

 

 

5.2.2.2 Field emission scanning electron microscopy and field emission 

transmission electron microscopy 

Typical FESEM and FETEM images of the sample prepared using 

conventional sol-gel method are displayed in figure 5.3. FESEM image 

clearly discloses the formation of sheet-like nanostructures having a 

thickness of ~ 50 nm (figure 5.3a). Low magnification FETEM image for the 

sample SG (figure 5.3b) discloses the formation of sheet/belt-like 

nanostructures having a width of 200-500 nm and length running from 1 

µm to 4 µm. High magnification image shows the formation of sheet-like 

structures which are few nanometer thick (figure 5.3c). The lattice image 

presented in figure 5.3d indicates long-range crystalline nature of the 

sample having d value of 3.30 Å which matches with the (021) plane. The 

SAED pattern of SG sample (inset of figure 5.3c) shows the presence of 

regular bright spots with d values corresponding to planes (110), (040), 

(021) and (101), respectively. The origin of these regular spots may be 

attributable to the long range crystalline nature of the sample. The SAED 

pattern of a single MoO3 nanobelt (figure 5.3c) reveals that nanobelts grow 

in the [101] direction and their wide facet correspond to (021) crystalline 

plane of MoO3. These results differ from the results obtained by other 

Figure 5.2 XRD patterns of resultant product samples (a) USG and (b) SG, 

respectively.   
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b) 

a) 

researchers [16-18] where prominent growth along anisotropic [0 l 0] 

(where, l = 2, 4, 6, etc) direction was obtained. 

 

 

 

 

 

 

 

 

 

 

FESEM image of USG samples reveals the formation of 1D nanorods instead 

of 2D sheet -like structures (figure 5.4a).  The length of these nanorods is in the 

range of 200 nm to 1 µm while the thickness varies from 50-150 nm. The low 

magnification FETEM image corresponding to sample USG (figure 5.4b) 

displays formation of 1D nanorods-like structures. The length of such nanorods 

is 500 nm-1.5 μm and width falls in the broad range of 40-150 nm. However, 

most of the nanorods have a width in the range of 40-80 nm. These results 

corroborate well with the FE-SEM data. The high magnification image (figure 

5.4c) reveals two representative nanorods having blunt edges and thickness of 

40 nm and 100 nm each. The lattice image is shown in figure 5.4d suggests 

polycrystalline nature of the nanorods having different crystallite orientation 

along (110), (040), (021) and (130), respectively. The SAED pattern of USG 

sample (figure 5.4c) comprise rings made by spots arising from (110), (040), 

(021), (101), (111) reflections. It typically implies presences of polycrystalline 

nano-grains which constitute the nanorods. 

 

 

Figure 5.3 Electron microscopy images of the SG sample (a) FESEM image; FETEM 

images corresponding to (b) low magnification (inset SAED), (c) high 

magnification and (d) lattice image. 
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5.2.2.3 UV-vis spectroscopy   

UV-vis spectra of MoO3 samples are presented in figure 5.5. Both the SG 

and USG samples exhibited a strong absorption band between 250 and 400 

nm in the UV range which may be attributed to the charge transfer of the 

Mo-O band in the MoO6
6- octahedron [19, 20]. 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Electron microscopy images of the USG sample (a) FE-SEM image; FE-TEM images 

corresponding to (b) low magnification (inset SAED), (c) high magnification and (d) 

lattice image. 

Figure 5.5 UV-vis spectra of SG and USG samples. 
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The sample prepared using the conventional sol-gel technique (SG) displays 

very sharp absorption at ~ 360 nm. However, for USG sample, the 

absorption edge is not very sharp even though it is in the same range as 

that of SG. The corresponding band gaps calculated for these samples are 

found to be 3.3 eV and 3.04 eV, respectively. The obtained band gap values 

are higher than the reported band gap value of bulk MoO3 which can be 

attributed to the quantum size effect [21]. Nevertheless, the absorption of 

USG sample extends to the visible region, which may be due to the 

presence of nanocrystalline gains induced defects in the sample. 

5.2.2.4 Growth mechanism 

α-MoO3 possesses an orthorhombic structure belonging to the space group 

Pbnm (D16
2h) [22] and has a unique layered structure where distorted MoO6 

octahedrons share both edges (along [001] direction) and corners (along    

[1 0 0] direction). The double layers of MoO6 octahedra are held together by 

two different bonds—covalent bonds in the a- and c-axes, i.e. along (h 0 0) 

and (0 0 l) [23]. The interactions between layers along b axis i.e. the (0 k 0) 

direction are due to weak Van der Waals forces. From the energy viewpoint, 

the corresponding energy released along [0 0 1] is much greater than that of 

along [1 0 0] direction [17].  Planar growth rates along axes of the crystal 

have the following sequence {0 0 1} > {1 0 0} > {0 1 0}, [24] so the 

nanoribbons which grow along [0 0 1] direction are much favored. In most of 

the cases, the nanorod or nanobelt structures have been reported when the 

anisotropic growth along (0 k 0) planes takes place [15, 21, 24, 25]. 

However, isotropic growth also may lead to nanorod and nanobelt-like 

structures owing to inherent unique layered structure of MoO3 [19, 26]. 

There is some controversy associated with whether the co-ordination of 

chains forming MoO3 is six-fold (MoO6 octahedrons) or four-fold (MoO4 

tetrahedron) [27]. Nonetheless, many studies have confirmed the existence 

of MoO3 with six-fold coordination which might seemingly occur in the 

present case also [28, 29]. As far as the reaction is concerned, ammonium 

molybdate is the source of molybdenum as well as NH4
+ ions, urea helps in 

the oxidation and provide NH4
+ ions in water. Acetic acid plays a very 

important role as a stabilizer of the sol. During the nucleation and growth 

process, NH4
+ and OH- ions play a very crucial role in shaping the 

morphology of the final product. Mo species spontaneously react with 

oxygen at the supersaturation point to form MoO6 octahedral units where 

each central molybdenum atom is surrounded by octahedrally co-ordinated 
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six oxygen atoms and form the basic building blocks of MoO3 particles. 

These nascent octahedral crystal nuclei grow and self-assemble to form 

many tiny crystalline MoO3 nuclei by a diffusion mechanism in the reacting 

solution when it reaches its solubility limit [30]. In sol-gel method, isotropic 

growth is expected to own to longer reaction time which results in slow 

growth and the growth is governed by NH4
+ and OH- ions. This is the case 

for the conventional sol-gel method. However, in the case of sonochemical 

assisted sol-gel method, even though the isotropic growth takes place, 

acoustic cavitation provides sufficient energy for the nuclei to orient 

themselves for the growth to take place which are not planar, i.e., instead of 

planar (2D) sheet-like structures, rod-like 1D structures grow. Thus, even 

though all reaction conditions are the same, the final products formed by 

conventional and sonochemical assisted sol-gel method can possess 

different morphologies. When the dried gels are heated to high temperatures 

of 400 0C, removal of ammonia and dehydration process takes place and 

morphological isotropic transition from a 2D nanobelt to 1D nanorod can be 

clearly realized (as illustrated in figure 5.6) for the MoO3 nanostructures 

prepared by conventional and sonochemical assisted sol-gel method, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

Even though XRDs of the samples prepared by the conventional and 

sonochemical assisted sol-gel method are the same, their morphological 

features exhibit a transition from 2D nanobelt to 1D nanorod-like features. 

Manivel et al. and Jin et al. have postulated that sonochemical reactions 

arising from acoustic cavitation phenomena might be responsible for the 

formation of relatively smaller sonochemically grown MoO3 nanostructures 

[31, 32]. In our case, we also believe that the acoustic cavitation might have 

Figure 5.6 Growth mechanism for MoO3 nanostructures - SG and USG, respectively. 
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provided the energy required to evolve 1D growth of the crystallites, unlike 

2D growth as observed in the case of a conventional sol-gel reaction. 

It is quite interesting to note that although crystalline phase (structural) 

transition cannot occur by switching synthesis technique from conventional 

to sonochemical assisted sol-gel, it impacts change in morphology of the 

resultant nanostructures, which can critically influence their effective surface 

area and, in turn, grant a potential avenue for catalytic reaction to take 

place. 

5.2.3  Solar-light driven photo-catalytic activity 

The photocatalytic degradation of methylene blue solution using MoO3 

photocatalyst as a function of irradiation time is shown in figure 5.7. When SG 

and USG samples were subjected to degradation of MB dye in aqueous 

solution under UV light illumination, each one exhibited specific photocatalytic 

properties. As the irradiation time is increased, appreciable fading in the of 

color of the solution from dark blue to lighter one is photographically illustrated 

in figure 5.7 (a) and (b) for SG and USG samples, respectively. The absorption 

spectrum of pristine MB presented in figure 5.7 designates strong absorption 

band centered at 665 nm with a shoulder around 610 nm typically associated 

with monomeric and dimeric forms of MB, respectively [30]. The rapid decrease 

in the intensity of characteristic MB absorption peaks (which signifies lesser 

degradation time) was noticed for such nanostructured MoO3 mediated 

photocatalytic degradation (figure 5.7 (c) and (d)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 (a & b) Photo images and (c & d) absorption spectra of MB solution in the 

presence of MoO3 nanostructure at different time intervals for SG and USG 

samples, respectively. 
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Degradation of dye and its rate constant (C) are calculated by using the 

equations 1& 2: 

                         % degradation of dye = A0-A/A0 х 100            (1) 

                                                In(C0/Ct)=kobsC                          (2) 

Where A0 and A are the initial absorbance and absorbance at time ‘t’ of the 

dye, while C0 and Ct are initial concentration and concentration in the bulk 

solution at time ‘t’, respectively and t the reaction time while, kobs is the 

observed rate constant. Quite surprisingly, both the samples have exhibited 

excellent and expeditious MB degradation i.e. more than 90% within 30 min as 

evidenced in figure 5.8a. Interestingly, SG sample degrades more than 97.5% 

MB solution while USG sample degrades nearly 90% MB solution during this 

time-span. Complete degradation of dye occurred within 90 min of UV 

irradiation for both the samples. The rate constant follows apparent pseudo-

first-order kinetic behavior and kobs values for USG and SG samples are  

0.0786 min-1 and 0.233 min-1, respectively, as estimated from the plots of figure 

5.8b. The better rate constant corresponding to SG sample can be attributed to 

its 2D nanobelt morphology which presumably enhances the relative density of 

photocatalytic centers. Nevertheless, the results indicate that both the types of 

MoO3 nanomorphs can act as good photocatalyst in the dye-degradation 

reaction for solar energy enabled environmental remediation. 

 

 

 

 

 

 

 

 

 

 

The typical mechanism of photocatalytic MB degradation is presented in figure 

5.9.  

 When the solution containing the photocatalyst (MoO3) and MB is 

illuminated using mercury vapor lamp, the valence band (VB) electrons get 

excited into the conduction band (CB) producing electron–hole (e- - h+) pairs. 

Figure 5.8 Plots of (a) % MB degradation and (b) photocatalytic chemical kinetics 

corresponding to SG and USG samples. 
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An efficient separation and swift transport of the photo induced charge carriers 

towards the catalytic surface facilitates oxidation-reduction reactions. 

 

 

 

 

 

 

 

 

 

 

 

 

Thus, the oxidation of photo induced holes and surface bound H2O and OH− 

produce the hydroxyl radical species, while, a reduction between photo induced 

electrons and adsorbed oxygen creates superoxide anion radicals. These two 

radicals are reported to be the factor accountable for MB degradation [30, 33, 

34]. 

 

5.2.4 Comparison of MB dye degradation for samples prepared by different 

routes 

Time (min) 

Solid-Solid State Sol-Gel 

Sample 1 Sample 2 SG USG 

30 х х √ √ 

60 х х √ √ 

90 х х √ √ 

120 х х √ √ 

 

 

 

Figure  5.9 Mechanism for photocatalytic activity of MoO3 nanostructures. 

Table 5.1 Comparison and MB dye degradation % of nanostructures samples   

               using   solid-solid route. 
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Photocatalytic dye-degradation results against MB for MoO3 powders prepared 

by solid-solid-state routes against conventional and ultrasonic sol-gel routes 

given in Table 5.1. Samples prepared using solid-solid state route exhibited no 

dye degradation effect.  The reason for poor photocatalytic dye degradation for 

samples prepared in solid-solid state route is quite obvious as nanostructures 

are capped by a thick layer of highly insulating polymer i.e. PPS which prevents 

the effective charge transfer. 

 

5.5    Summary 

We have successfully demonstrated that morphological (isotropic) transition from 

2D nanobelt to 1D nanorod can be clearly realized in the case of orthorhombic 

MoO3 nanostructures prepared by conventional and sonochemistry assisted sol-

gel method, respectively. The sample prepared by the conventional sol-gel 

method has exhibited long range crystalline order. The band gap values are 

estimated to be 3.3 eV and 3.04 eV, respectively for the nanostructured samples 

generated by conventional and sonochemistry assisted sol-gel methods. The 

resultant MoO3 nanomorphs were used as a photocatalyst to degrade MB 

solution. Rate constants for the nanorod-like and nanobelt-like samples of MoO3 

were observed to be 0.0786 m-1 and 0.233 m-1, respectively. Swift degradation of 

MB within very short irradiation time of 30 minutes implies that sol-gel produced 

orthorhombic α-MoO3 nanostructures are the promising candidates for the photo 

degradation of organic dyes ensuing environmental remediation. Nevertheless, 

the photocatalytic performance needs to be judged with respect to the role and 

the subsequent optimization of various experimental parameters such as catalyst 

concentration, dye concentration, light flux intensity and operating temperature. 

Our efforts in this direction are in progress. 
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