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Chapter 4 

“Success is a science; if you have the conditions, you get the 

result.” 

- Oscar Wilde 
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4.1  Introduction    

Nanoscale transition metal and metal oxide structures are attracting continuous 

attention for a variety of applications, for example, catalysis and modern energy 

generation and storage systems and devices [1-5]. Among transition metals, 

molybdenum is cheaper and readily available as compared to the noble metals 

which can exhibit plasmonic behavior and demonstrate catalytic [6] as well as 

biosensing applications [7]. Due to its biocompatible nature, it can also be used as 

an alternative antimicrobial material as compared to silver at the nanoscale. 

Curiously, research on molybdenum nanoparticles has not been adequately pursued 

among transition metals both from the synthesis and application point of view. 

Additionally, molybdenum trioxide is a wonder material discovered over hundred 

years ago [8] and still surprising the researchers with its novel properties. It is an n-

type semiconductor possessing a wide optical bandgap of 3.2 eV. Owing to its 

superior properties, it is being explored in applications such as catalytic epoxidation 

of cis-cyclooctene [9] and oxidation of thiophene in the presence of hydrogen 

peroxide, [10] gas sensing, [10,11] solar cells [12,13] (as anode buffer layer in 

plasmonic organic solar cells), lithium ion batteries, supercapacitors, [14-18]  

antibacterial formulations [19], etc. To fully exploit the application potential of these 

nanocrystals as novel optical and electronic materials, it is important to develop 

nanocrystals in one dimension or quasi-one dimension, such as nanowires or 

nanorods, nanoflowers, etc. Moreover, obtaining metal-metal oxide based 

nanocomposite can be important from the perspective of various technological 

applications. For example, incorporation of plasmonic noble metals such as gold 

and silver nanoparticles along with materials such as TiO2, ZnO, etc for catalytic, 

environmental and sensor applications have been well-reported [20-22]. The 

technological applications of metal oxide/metal-metal oxide nanostructured systems 

can be better realized by providing a flexible yet robust platform/support, viz. 

preferably embedding it in the polymer matrix. Encapsulation of inorganic 

nanoparticles in polymers has become one of the most widespread and exciting 

aspects of nanocomposite synthesis [23]. A variety of polymers, for example, 

polyaniline and PMMA, have been used for this purpose [24, 25]. However, such 

engineering thermoplastics as polyphenylene sulfide (PPS) have not been 

advantageously exploited for nanocomposite systems. In this context, solid–solid 

reaction technique has been pursued for the synthesis of semiconductor 

nanostructures in a polymer matrix, [26-29]. Especially, Amalnerkar et al. have done 

pioneering work in the field of PPS based polymer nanocomposite synthesis [30, 

31]. The details of the literature survey corresponding to the synthesis of MoO3 
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nanostructures as well as the nanocomposites using solid-solid reaction have 

already been presented in Chapter 1. However, the proposed technique has not 

been reported in the domain of Mo-MoO3-PPS and MoO3-PPS nanocomposites. 

Consequently, the applications of such nanocomposites have also not been 

explored. Therefore, in this investigation, we examined a simple and innovative 

technique for in-situ generation of Mo-MoO3-PPS and MoO3-PPS nanocomposites 

having different 1D, 2D and 3D morphologies by solid–solid reaction technique. We 

have probed the effect of molybdenum precursor and reaction time variation on 

structural, morphological and optical properties of the prepared nanocomposites in 

detail. 

For the sake of convenience, the present chapter can be divided into three main 

sections which are summarized as follows: 

1) The first section details on the preparation of MoO3-PPS nanocomposites 

(using ammonium molybdate as a precursor by varying the reaction time 

from 6-48 h) and their exploration in obtaining superior dielectric properties 

in comparison to PPS. 

2) In the second section we have dealt with the concurrent in-situ formation of 

Mo- MoO3 nanostructures within an engineering thermoplastic matrix of 

PPS exhibiting hitherto unreported antibacterial behavior. For this 

investigation, molybdenum chloride was used as the molybdenum 

precursor. 

3)  Molybdenum hexacarbonyl has been used as Mo precursor in the 

synthesis of MoO3-PPS nanocomposites. The studies pertaining to the 

synthesis and phsico-chemical characterization have been elaborated in 

the third section. 

4.2  Superior Dielectric Performance of Engineering Thermoplastic by In-situ 

Embedding of Nanoscale Mixed Phase Molybdenum Oxide 

      4.2.1 Experimental  

4.2.1.1 Synthesis of nanocomposite powder 

All chemicals were of reagent grade and were used as received. Ammonium 

molybdate and PPS were mixed in a molar ratio of 1:1 in the presence of small 

amount of acetone for about 20 minutes using mortar and pestle. The resultant 

admixtures (off white colour) were subjected to heating in a furnace at 285 °C 

(melting point of PPS) for different time durations viz. 6, 24 and 48 h. The 

furnace was allowed to cool naturally to room temperature as shown in figure 

4.1.  
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As the reaction time increased, the color of the resultant powder changed from off-

white to dark gray and light gray (figure 4.2) indicating the formation of composites 

presumably with different compositions and morphologies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The samples prepared using different reaction times, namely 6 h, 24 h and 48 h were 

termed as MP06, MP24, and MP48, respectively.  

a) Fabrication of nanocomposite in pellet form 

Three pellets (200 mg of each) were prepared from the admixed powder by 

cold pressing using a pelletizer with a pressure of 8 tons. The measured 

thickness and diameter of the samples were 1.1 mm and 10 mm, 

respectively.  

 4.2.1.2  Physico-chemical characterization  

a) Structure and morphology determination 

Figure 4.2 Digital photomicrographs of as prepared powders corresponding to a) 

MP06, b) MP24 and c) MP48. 

 

Figure 4.1 Schematic diagram of synthesis of nanocomposite powder technique  
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The structural information on virgin powder samples was obtained using 

 X-ray diffraction (XRD by Bruker D8 Advance). The surface morphological 

features on the same were investigated by field emission scanning electron 

microscopy (FESEM) using a HITACHI S-4800. Microstructural information 

of sample corresponding to heat treatment of 48 hrs was obtained by 

transmission electron microscopy (TEM) images acquired on Carl Zeiss 

Libra 120 EFTEM, 120 KV.  

b) Pellet Density Measurement 

The theoretical density (pth) of the nanocomposite can be calculated using 

the rule of the mixture as shown in equation 4.1. The densities of MoO3 

and PPS were considered as 5.06 g/cc and 1.34 g/cc, respectively. 

 

 

Where, pf is the density of molybdenum oxide particles, pm is the density of 

polymer matrix, Vf is the volume fraction of molybdenum oxide particles, 

and Vm is the volume fraction of the matrix. The experimental density (pex) 

was determined by Archimedes Principle using equation 4.2. 

 

 

 

 

Where, Wair and Wliq are the weight of samples in air and liquid medium 

(ethanol), respectively. The density (pliq) of ethanol is 0.79 g/cc. For a 

comparison, the density of pellet prepared using pure PPS has also been 

measured. 

4.2.1.3 Dielectric characterization  

For dielectric measurement, electrodes were prepared by applying the 

commercial silver paste on both sides of the pellet. The measurements of 

low-frequency dielectric properties were carried out using an Agilent HP 

4192A LF make precession Impedance Analyzer in the frequency range 

from 1kHz to 15 MHz at room temperature. The dielectric constant (ε) was 

evaluated using equation 4.3, 

 

 

 

Where, A is the surface area, C is the capacitance, and d is the thickness 

of the sample. The εo is the permittivity of vacuum. The dielectric loss 

---------------------[4.3]  ε  = 
       ( с × d ) 

        ( εo × A ) 

     

        ρth   =  ρf  Vf    + ρm  Vm    --------------------------------[4.1] 

                wair 

        ( wair    ―     wliq ) 
-------------------- [4.2] ρexp   = ×  ρliq    
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tangent/ dissipation factor, tan δ is defined as 
'

"

r

r




 i. e. ratio of imaginary 

part of dielectric constant to the real part of dielectric constant and was 

obtained directly from the instrument.  

4.2.2  Results and discussion   

4.2.2.1  X-ray diffraction analysis  

The X-ray diffractograms for the resultant powders are reproduced in figure 

4.3. The XRD patterns predominantly show peaks pertaining to reflections of 

orthorhombic α-MoO3 (JCPDS # 05-0508) positioned at 2θ =12.76, 23.32, 

25.70, 27.33, 29.69, 33.72, 35.49, 38.97, 46.28, 49.23, 52.77, 55.18, 58.80, 

64.52 °, respectively. For MP06 sample, even though orthorhombic MoO3 is 

present as the major phase, the diffraction peak at 2θ = 12.76 ° shows the 

highest intensity. Diffraction peaks corresponding to monoclinic Mo8O23 

phase (JCPDS card No. 05-0339) have also been observed (denoted by 

symbol δ) as the substantial phase in the case of samples MP06 and MP24, 

respectively.  The sample corresponding to heat treatment of 48 h reveals 

the formation of phase pure orthogonal MoO3 as all the XRD peaks related 

to monoclinic Mo8O23 disappear in the sample MP48. The XRD for MP48 is 

a typical XRD reported for α-MoO3 with JCPDS # 05-0508 with a weaker 

peak at 12.76o. The decrease in intensity of the peak at 12.76o for MP06, 

MP24 and MP48 implies that the conversion of Mo8O23 phase to α-MoO3 

phase has taken place at the cost of a reduction in the intensity of 12.76o 

peak. Additionally, diffraction peaks corresponding to PPS (at 18.9o and 

20.55o) are almost absent for MP48 sample which may be due to 

cyclization/altering of PPS matrix in the presence of molybdenum precursor 

after long time heat treatment. The broad peaks are suggestive of 

nanocrystalline nature of the resultant powder. The typical crystallite size 

calculated from Scherrer equation is ~ 3 - 8 nm. Relative sharpness of 

diffraction peaks is observed to be increased in the time variation order of 48 

h>24h >6h. The diffraction peaks at 18.9 and 20.55˚ belonging to PPS are 

observed for MP06 and MP24 samples. From the diffractograms, it is clear 

that the proposed solid-state reaction involving molybdenum precursor leads 

to the formation of molybdenum oxides within PPS matrix. 
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4.2.2.2   Field emission scanning electron microscopy    

FESEM images of the resultant powder samples are displayed in figure 4.4. 

The size of embedded nanoparticles appears to be predominantly irregular 

along with the presence of a few rod-like structures for sample 

corresponding to the reaction time of 6 h. The size of irregular nanoparticles 

varies from ~ 20 – 200 nm. For MP24 sample, irregular strip and sheet-like 

morphology have been observed. However, 1-D nanoscale strip like nature 

of obtained structures is the dominant feature for this sample. For the 

sample corresponding to the heat treatment of 48 h, remarkable sheet-like 

nanostructures stacked one above another one have been observed. The 

thickness of the sheet-like structures varies from 20 nm to 40 nm. Thus, at 

longer reaction times, sheet-like nanostructures have been noticed implying 

prolonged heat treatment favours the transformation of 0-D and 1-D 

structures into 2-D along with oxidation. 

 

 

 

 

 

 

 

Figure 4.3   X-ray diffractograms of the resultant powder samples. 

δ 
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4.2.2.3 Transmission electron microscopy   

In order to ascertain the microstructure of the resultant nanocomposite, 

representative TEM images of the resultant powders corresponding to 48 

hrs of reaction were obtained and shown in figure 4.5. The TEM images 

disclose the predominant formation of sheet-like nanostructures. From low 

magnification (figure 4.5a) and high magnification (figure 4.5b) images, it 

appears that the sheet-like structures is formed and stacked one above 

another one. In this context, it is worthwhile to note that orthorhombic  

α-MoO3 belongs to the family of layered structures [32]. Thus, as the 

intensity of the peak at 27.33° corresponding to α-MoO3 increases, more 

tendency to form sheet-like 2-D structures is observed. Additionally, during 

the growth, PPS in molten form may provide suitable nucleating sites for 

heterogeneous growth leading to the formation of such sheet-like structures. 

These sheets like structures correlate well with the similar structures 

observed in TEM images for this sample.  

 

  

Figure 4.4  FESEM images of samples - MP06, MP24 and MP48. Images at (a), (c) and 

(e) correspond to low magnification, and those at (b), (d) and (f) correspond 

to high magnification, respectively. 
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4.2.3 Dielectric properties studies 

a) Density of nanocomposites 

The values of the densities have been calculated using the equation (4.1) & 

(4.2), and for comparison, the density of pure PPS has also been calculated. 

The densities of all the samples MP06, MP24 & MP48, were almost the 

same. Therefore the description of the density of only one sample has been 

included in the text. It may be noted that 285 °C is the melting temperature 

of PPS. The degradation of PPS takes place at a further higher temperature 

(above 400 °C). At 285 °C, during the present reactions, as the reaction time 

increases, cyclization of PPS takes place, and its loses its crystalline nature 

leading to the decrease in the intensity of peaks corresponding to PPS. 

However, PPS does not degrade as the reaction is taking place well below 

its degradation temperature. Due to this, the density of all the samples 

remains almost unaltered. The experimental density of nanocomposite is 

observed to increase from 1.34 g/cc for pure PPS to 2.35 g/cc for PPS-

molybdenum oxide nanocomposite. It is obviously due to the higher density 

of molybdenum oxide.  

b) Dielectric Properties 

Figure 4.6 shows the plots of dielectric constant of molybdenum oxide 

nanocomposites as a function of frequency. With the increase in applied 

frequency, dielectric constant of nanocomposites was found to be 

decreased. Molybdenum oxide is an inorganic material, and when a high-

frequency AC field is applied, the molybdenum oxide nanostructures are in a 

quick and weak polarization state which may result in a lower dielectric 

constant for the nanocomposite at higher frequencies. The increase in 

dielectric constant of the PPS/molybdenum oxide nanocomposites in the 

Figure 4.5 The TEM images of MP48 sample (a) low magnification and (b) high 

magnification. 
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low-frequency region can be attributed to the contribution from space charge 

polarization effect. Figure 4.6a shows the typical performance of dielectric 

constant over a wide range of frequencies, up to 15 MHz. The dielectric 

constant decreases rapidly in the frequency range of 1kHz to 100 kHz. The 

highest dielectric constant is obtained for MP06 sample in the low-frequency 

region up to 100 kHz. Sample MP24 displayed the lower values of dielectric 

constant in this range. However, in the high-frequency region above 100 

kHz (figure 4.6b), sample MP24 exhibits relatively higher dielectric constant 

compared with MP06 and MP48. The dielectric constant in low and high-

frequency region is dependent on the contribution of polymer, filler, and their 

interaction regions. It is speculated that polymer and filler-polymer 

interaction dominates for sample MP24 and thus it shows a higher dielectric 

constant. 

 

 

 

 

 

 

 

 

 

 

 

 

The dissipation factor (loss tangent or tan δ) also show the similar trend over 

the same range of frequencies, as shown in figure 4.7. However, in the high-

frequency region above 100 kHz (figure 4.7b), sample MP48 has shown the 

lowest values of dielectric loss tangent. Samples MP06 and MP24 have 

similar dielectric loss tangent values in this range. For samples MP06, MP24 

and MP48, the dielectric constant and loss tangent are found to be 7.74, 

8.47, 6.30 and 0.14, 0.13, 0.089, respectively, at 1 MHz frequency. Even 

though the MP24 sample shows better dielectric constant at 1 MHz 

frequency, its higher loss tangent value may limit its application in the 

capacitor. It may be noted that the obtained dielectric constants for the 

resultant nanocomposites are more than double of the reported values of 

pure PPS [33] with a fairly better loss tangent value. Especially, sample 

Figure 4.6 Frequency versus dielectric constant behaviour of MoO3-PPS nanocomposites 

(a) from 100 Hz to 15 MHz and (b) from 100 kHz to 15 MHz 



Chapter 4 127 
 

Miss Nilam Qureshi   PhD Thesis  (Bharati Vidyapeeth  Deemed University) 

MP48 will be more suitable for the application in the range of 100 kHz to 15 

MHz as it has better dielectric constant and lower loss tangent values than 

those of other samples in this frequency range. It exemplifies the 

outstanding characteristics of low dielectric constant and dissipation factors. 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.4   Summary 

In-situ synthesis of molybdenum oxide nanostructures in an engineering 

thermoplastic has been accomplished using a facile solid-solid technique. As 

the reaction time is increased from 6 to 48 h, the tendency of forming 2-D 

sheet-like structures is found to be enhanced. Investigations on dielectric 

properties are the salient aspect of this work which reveals better dielectric 

constant and appreciable loss tangent values for the resultant 

nanocomposites. The first envisaged application for these nanocomposites 

may be capacitors for high power, high temperature (up to 125 °C) AC field 

and surface mount circuits. The obtained nanocomposite may also be useful 

for various flexible radio frequency identification (RFID) tag-based 

applications such as access control, smart cards, and library control as well 

as energy storage related devices and systems. Gas sensing and biosensing 

might be another anticipated applications for these nanocomposites. 

 

4.3  Sub-micro/nano-scale Polymorphs Of Molybdenum Oxide With Tuned 

Structural And Morphological Features Embedded In Engineering 

Thermoplastic 

4.3.1 Experimental  

 

 

Figure 4.7 Frequency versus dissipation factor of MoO3-PPS nanocomposites (a) from 100 

Hz to 15 MHz and (b) from 100 kHz to 15 MHz. 
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4.3.1.1  Synthesis of molybdenum oxide in PPS matrix 

 All chemicals were of reagent grade and were used as received. The precursors, 

molybdenum hexacarbonyl, and PPS were admixed in 1:1 molar ratio in agate 

mortar and pestle. A few drops of acetone were added for proper wetting of the 

reactants. The admixture thus formed was then heated to the melting temperature 

of the polymer (at 285 oC) for variable time intervals such as 6, 12, 24, and 48 h in 

a muffle furnace under normal atmospheric conditions. The furnace was allowed 

to cool naturally to room temperature. The corresponding samples are named as 

Sample A, Sample B, Sample C and Sample D corresponding to reaction times of 

6, 12, 24 and 48 h, respectively. The experimental procedure is depicted in figure 

4.8.  The color of the resultant powder was changed from black to light gray with 

an increase in the time interval. 

 

 

 

 

 

 

 

 

 

 

 

4.3.1.2  Physico-chemical characterization   

The resultant products were characterized by techniques namely, X-ray 

diffractometry (XRD), Raman spectroscopy, field-emission scanning 

electron microscopy (FESEM) and high resolution transmission electron 

microscope (HRTEM). The phase identification of the resultant powder 

was conducted using X-ray diffractometer (Brucker D8 Advance), using 

CuKα radiation (λ = 1.54 Å). Raman spectroscopy has been performed 

using DXR Raman Microscope (Thermo Scientific), Laser wavelength: 

532 nm, spectral resolution: 2 cm-1 for high resolution grating,  5 cm-1 for 

full range grating and laser power of 1-10 mW. The surface morphology 

was determined using FESEM, Hitachi S-4800 by directly placing the 

solid samples on conducting carbon tape. In order to prevent the 

charging effect associated with FESEM, the samples were sputter coated 

with a thin Au film. The microstructure of the samples was investigated by 

Figure 4.8 The experimental procedure of MoO3-PPS 

nanocomposites  
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HRTEM with Tecnai G2-20U-Twin (FEI, Netherlands), at an acceleration 

voltage of 200 KV. The samples for HRTEM were prepared by dispersing 

fine powder of the resultant product in isopropyl alcohol. A drop of 

dispersion was then transferred to carbon coated grid for further analysis.  

4.3.2   Results and discussion   

4.3.2.1 Reaction mechanism 

Molybdenum hexacarbonyl is highly volatile and may decompose to form 

metallic Mo and carbon monoxide upon heat treatment. The metallic Mo will 

undergo oxidation when it comes in contact with hot air. The PPS matrix 

may provide the suitable heterogeneous nucleation sites for the formation 

and faceted growth of molybdenum oxide. For the longer reaction times, the 

growth process will dominate leading to the formation of bigger structures.  

 

 

 

                                                                                                          

4.3.2.2   X-ray diffraction  

The XRD patterns obtained for the resultant products are reproduced in 

Figure 4.9. The XRD patterns in figure 4.9 corresponding to Sample A, 

Sample B, Sample C and Sample D indicate the predominant formation of 

orthorhombic phase of α-MoO3 (JCPDS Card No. 05-0508). It is worthy to 

note that the diffraction peak observed at 2θ value of 20.5˚ (figure 4.9) 

matches with the prominent peak of PPS [34]. The X-ray diffractogram 

corresponding to Sample A reveals broad peaks with a preferred orientation 

along (021) plane of α-MoO3. It also exhibits relatively higher intensity for the 

(110) plane. The peak broadening implies the formation of nanocrystalline 

structures. Additionally, few low-intensity peaks corresponding to monoclinic 

Mo8O23 phase (JCPDS card No. 841360) have also been observed (denoted 

by symbol δ). In the case of Sample B, even though sharp peaks 

corresponding to α-MoO3 are detected, they are preferentially oriented 

around (040) plane; peak intensity corresponding to (021) plane is 

significantly reduced. Additionally, peak intensity around (130) plane (which 

is otherwise a minor intensity peak in standard diffraction data of α-MoO3) is 

also appreciably increased. The absence of low-intensity peaks 

corresponding to minor phases implies that phase pure α-MoO3 is formed. 

However, a very interesting situation arises in the case of Sample C. 

Considerable increase in the intensity of the peak corresponding to (020) 

285 °C 285 °C 285 °C 
Mo(CO)6  + Mo + 6 CO 2Mo + 6O2 2MoO3. 
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Figure 4.9 XRD patterns of Sample A, Sample B, Sample C, and Sample D.  

 

 

plane is observed with a drastic reduction in intensities pertaining to (021) 

and (110) planes. There is significant increase in peak intensities 

corresponding to monoclinic Mo8O23 phase (JCPDS card No. 84-1360).  

XRD pattern for Sample D reveals the formation of phase pure α-MoO3. 

However, the plane corresponding to (021) exhibits the highest intensity 

peak in this case. Peak intensity corresponding to (020) plane is decreased 

noticeably. Besides, the sharpness of the peaks has also increased 

indicating the growth in particle size. Highly suppressed peak corresponding 

to PPS is noticed which may be due to cyclization of PPS  over prolonged 

heat treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

Crystallite size calculated using Scherer formula is found out to be ~ 12 - 20 

nm for Samples A to D corresponding to their highest intensity peaks. 

Nevertheless, relative sharpness of diffraction peak is observed to be 

enhanced with the time variation order of 48 h>24h >12h>6h.  This may be 

attributed to the increase in crystallinity and grain size. From the XRD 

analysis, it is inferred that the proposed solid-state reaction involving 

molybdenum precursor leads to the formation of molybdenum oxide within 

PPS matrix. It is conjectured that since each sample has a differentially 

oriented highest intensity plane, it will influence the resultant morphology of 

the entrapped sub-micron/nanoscale polymorphs of molybdenum oxide. 
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4.3.2.3 Field emission scanning electron microscopy  

FE-SEM images for the resultant composites are displayed in figure 4.10 

(a)–(d). FE-SEM images of samples corresponding to 1:1 molar ratio of Mo 

salt: PPS with different reaction intervals (6-48 hr) elucidate formation of 

molybdenum oxide sub-micro/ nanoscale particles embedded within the 

PPS matrix possessing mixed morphologies such as rods, sheets, and 

cubes. The information pertaining to the morphological features obtained 

from the FESEM images is summarized below:  

(i) For Sample A, the formation of spherical and irregular shaped 

nanostructures is noticed. Occasionally, nanorods like structure have 

been found to be formed. One such hexagonal nanorod-like structure is 

displayed in figure 4.10a. The length of this nanorod is around 300 nm 

and its thickness is ~100 nm.  

(ii) The FESEM image for the Sample B reveals the formation of the 

irregular rod, sheets like structures (figure 4.10b). Particle size is found 

to be increased. A predominance of irregularly shaped particles is 

clearly visible. An irregular disk-shaped particle displayed in figure 

4.10b is ~350 nm wide and 150nm long.  The particle size of some 

nanostructures varied in the range of 50 to 100 nm.  

(iii) In the case of Sample C, cubic block and rectangular brick-like 

structures are noticed primarily (figure 4.10c). The length of these 

submicron structures vary from 300 nm to 600 nm and thickness varies 

from 100–300 nm. Additionally, small rod and cube like nanostructures 

have also been observed along with irregularly shaped nanostructures.  

(iv) FESEM image pertaining to Sample D (figure 4.10d) display reverse L-

shaped sub-micron sized structures. Two such reverse L-shaped 

structures have been displayed in figure 4.10d.  

Interestingly, as reaction time is increased from 6-48 hrs, more number of 

rod and sheets like structures have been noticed implying that prolonged 

heat treatment favours 1-D and 2-D growth during oxidation. Formation of 

such interesting morphologies may be correlated to the XRD data.  For the 

Samples (A and D), planes corresponding to (021) possessed the highest 

intensity which has lead to the formation of submicron/nanostructures 

having rod-like morphology (figure 4.10a & 4.10d). Thus, it may be 

speculated that (021) plane for the orthorhombic phase of MoO3 favor 

formation of rod-like morphology. Sample B (figure 4.10b) which has 

exhibited the highest intensity peak around (040) plane, irregular hexagonal 
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Figure 4.10 FESEM images of the resultant powders corresponding to (a) Sample A, (b) 

Sample B, (c) Sample C and (d) Sample D. 

 

(a) Sample A 

A 

Sample B (b) 

Sample C  (c) Sample D (d) 

disk-like morphology is revealed in FE-SEM hinting that growth along (040) 

plane supports the formation of such structures. Sample C has displayed 

preferred orientation along (020) plane in XRD and formation of cubic and 

rectangular brick-like structures in FESEM (figure 4.10c). It implies that 

(020) plane obstructed the growth along (021) plane leading to the formation 

of 3-D brick-like structures instead of 1-D rod-like structures.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

4.3.2.4 High resolution transmission electron microscopy   

In order to ascertain the micro-structural features of molybdenum oxide 

nanocomposite, the representative HRTEM imaging has been performed 

for Sample A and Sample D. HRTEM images corresponding to the reaction 

time of 6 hr (Sample A) have been shown in figure 4.11. Typical low 

magnification HRTEM image (figure 4.11a) displays the formation of 

nanostructures having rod-like as well as irregular shapes within the PPS 

matrix. The rod-like structure has a thickness of around 100 nm and length 

more than 500 nm. At high magnification (figure 4.11b), the nanorod 

structure shows crystalline nature. The lattice spacing of 3.78 Å matches 

well with the 3.71 Å ascribed to (200) plane of Mo8O23. The inset of figure 

4.11b shows a regular matrix of dark spots indicating the single crystalline 

nature of the nanorod structure.  

 



Chapter 4 133 
 

Miss Nilam Qureshi   PhD Thesis  (Bharati Vidyapeeth  Deemed University) 

Figure 4.11 HRTEM images of Sample A at (a) low magnification and (b) high magnification 

(Inset: SAED pattern). 

 

Figure 4.12 HRTEM images of Sample D at (a) low magnification and (b) high magnification. 

(Inset: SAED pattern). 

 

 

 

 

 

 

 

 

 

 

 

 

  

HRTEM images corresponding to the reaction time of 48 hr (Sample D) 

have been shown in figure 4.12. The low magnification image (figure 

4.12a) shows the predominant formation of rod-like structures having 

various sizes. The biggest of such nanorods has the length ~1 µm and 

thickness of ~ 400 nm. At higher magnification, an edge of a smaller 

nanorod shows crystalline nature. The lattice spacing value is found out to 

be 3.17 Å which connect well with the 3.25 Å reported for (021) plane of α-

MoO3. The inset of figure 4.12b shows a regular matrix of dark spots 

indicating the single crystalline nature of the nanorod structure. Thus, the 

HRTEM images correlate well with observed HRSEM images. HRTEM 

images of the representative samples (Sample A and Sample D) reveal the 

formation of mainly crystalline nanorod-like products. Additionally, as the 

reaction time is increased, the dimensions of the nanorods have also 

increased (reaching even up to submicron to micron sizes). 
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Figure 4.13 Raman spectra corresponding to Samples A, B, C and D. 

 

 

4.3.2.5  Raman spectroscopy 

Raman spectra corresponding to all the samples have been presented in figure 

4.13. The spectra evince formation of predominantly α-MoO3 via the 

characteristic peaks in the region of 100 – 1000 cm-1. Two broad humps which 

center around 1500 and 2000 cm-1 may be attributed to the PPS. However, such 

humps are observed to be less prominent in the case of Sample D which may be 

due to increased cyclization of PPS after prolonged heat treatment of 48 hrs. For 

a better understanding of the Raman spectra, the enlarged Raman spectra for 

the region of 50 – 1000 cm-1 have been reproduced in figure 4.13b. The Raman 

peak positions at 994, 818, 662, 375, 336, 285, 246, and 157 cm-1 can be 

typically assigned to the orthorhombic phase of α-MoO3 [32]. Relatively sharper 

peaks in the Raman spectrum of MoO3 signify the highly crystalline nature along 

with the better structural order in MoO3 micro/nanostructures prepared at 48 hrs 

of reaction time. Comparatively broader peaks and increase in the intensity of 

baseline for other Samples (A, B, and C) may be allocated to smaller particle 

size and presence of another minority phase (monoclinic Mo8O23) and higher 

presence of PPS matrix. It may be noted both Sample A and Sample D have 

exhibited the highest intensity for the peak at 818 cm-1 which is coincidently the 

highest intensity Raman spectrum peak for α-MoO3 [32]. The intensity of Raman 

peak at 994 cm-1 is conspicuously reduced for Sample B and Sample C (almost 

absent). Additionally, for Sample C, the sharp peak has appeared at 962 cm-1 

which may be due to the presence of the minority phase. The Raman 

spectroscopy results are in conformity with certain facts reflected in XRD. For 

example, increase in the intensity of Raman peak at 818 cm-1 coincides with the 

increase in the intensity of the XRD peak for (021) plane. Also, 

absence/reduction in intensity of the peak at 994 cm-1 coincides with an increase 

in the intensity of (020) and (040) planes.  
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4.3.3  Summary     

We have successfully synthesized submicron/nanostructures of molybdenum 

oxide polymorphs intractable polymer matrix by facile solid-solid reaction 

technique. The predominant formation of orthorhombic α-MoO3 was confirmed 

by structural analysis. It has been observed that the morphology (from 1-D to  

3-D) and structure of the resultant polymorphs can be suitably tuned by 

changing the reaction interval. This could be advantageous from the standpoint 

of morphology and structure based device fabrication. The polymer, PPS being 

an engineering thermoplastic with inherent flame retardant characteristics can 

be molded as desired for fabrication of advanced devices which can be 

operated at moderately high temperature. Owing to the coupling of desired 

characteristics of both molybdenum oxides and PPS in the form of 

submicron/nanocomposites can be advantageously exploited in advanced solid 

state device fabrication which operates at a moderately higher temperature (up 

to 200 °C) such as capacitors and sensors.  

4.4   Nano-scale Mo-MoO3 Entrapped In Engineering Thermoplastic: Inorganic  

Pathway To Bactericidal And Fungicidal Action 

4.4.1   Experimental:  

4.4.1.1 Synthesis of molybdenum oxide 

All the reagents were of analytical grade and used without further 

purification. In the present work, Mo and MoO3 nanostructures are 

simultaneously generated within polyphenylene sulfide (PPS) matrix via 

solid state reaction between MoCl3 (Alfa Aesar) and PPS (Aldrich 

Chemicals). PPS acts as a stabilizing agent for the generated nanoparticles 

[35]. In a typical procedure, MoCl3 and PPS are mixed homogeneously in a 

known molar ratio (1:1) in a pestle mortar using acetone. The resultant 

admixtures are kept in a furnace for 6h, 24h, and 48h at melting temperature 

of PPS i.e. 285°C and finally allowed to cool naturally to room temperature. 

The as-prepared powder samples corresponding to reaction times 6h, 24h 

and 48h (denoted as N6, N24, N48) display different colors such as blue, 

gray and black for the reaction time of 6h, 24h, and 48h, respectively. The 

powders thus obtained were in the form of bigger chunks which could be 

easily crushed to a fine powder using pestle-mortar.  

4.4.1.2  Physico-chemical characterization 

The structural information on virgin powder samples was obtained using  

X-ray diffraction (Bruker D8 Advance) technique. The diffraction angle (2θ) 

was varied between 10 - 80° range and the observed XRD peaks were 
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compared with standard JCPDS data. The surface morphological features 

were investigated by field emission scanning electron microscopy (FESEM) 

using HITACHI S-4800 instrument. The microstructural aspects of the 

samples were examined by high resolution transmission electron 

microscopy (HRTEM) with Tecnai G2-20U-Twin instrument (FEI, 

Netherlands) at an acceleration voltage of 200 KV. The samples for FETEM 

were prepared by dispersing fine powder of the resultant product in 

isopropyl alcohol. A drop of dispersion was then transferred to carbon 

coated grid for further analysis. 

4.4.1.3   Antimicrobial activity study 

Primary antimicrobial activity was ascertained by studying the zone of 

inhibition. It was followed by determining minimum inhibitory concentration 

(MIC) and minimum bactericidal/fungicidal concentration (MBC/MFC). MIC 

and MBC/MFC are the lowest concentrations (of NCs, in the present case) 

at which a tested compound inhibits growth or kills more than 3 logs (99.9%) 

of microorganisms. The lowest concentration of NCs showing visual growth 

inhibition was considered as the MIC. All MIC and MBC values were based 

on experimental repeats in triplicate. Finally, time kill assay was performed 

against the NCs sample showing the highest MBC value. 

a) Zone of inhibition 

All the NCs samples were sonicated in 10% DMSO and used for further 

investigations. The antibacterial and antifungal activity of the resultant 

nanocomposites (NCs) was judged against selected microorganisms by 

determining the diameter of inhibition zone (DIZ) in agar well diffusion test. 

DIZ reflects the magnitude of susceptibility of the microorganism. The 

concentrations used for antimicrobial assay were varied in the range of 25, 

50, 75, 100 and 500 μg/well. 

b) Minimum inhibitory concentration (MIC) 

MIC was determined by exposing the micro-organisms to the predetermined 

concentrations of NCs. Micro-organisms were grown in Mueller Hinton (M-H) 

broth comprising various concentrations of NCs and 105 CFU/ml of bacterial 

cells at 37 °C in an incubator shaker (REMI CIS – 24 Plus) with shaking 

speed of 150 rpm for 24 h. The final concentrations of NCs used in the 

experiment were 0.2, 0.4, 0.6, 0.8, 1.0 and 1.5 mg/ml. 

c) Minimum bactericidal / fungicidal concentration (MBC/MFC) 

The possibility of misinterpretation of the results due to the turbidity of 

insoluble compounds, if any, in determining the MBC was avoided by sub-
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culturing the above MIC serial dilutions in freshly prepared nutrient agar 

plates and incubation at 37 °C for 48 h. MBC was regarded as the 

concentration of the NCs that did not show any growth on a new set of agar 

plates due to the prevention of the bacterial colony growth on this solid 

media. 

d) Time Kill Assay 

Time-kill curve was used to analyze post-treatment bacterial viability and to 

define the minimum time necessary to reach an inhibitory or bactericidal 

effect. Examination of the growth curves of bacterial cells was accomplished 

using Staphylococcus aureus through the time kill assay. The cells of S. 

aureus were exposed to NCs via M-H broth at different concentrations (1/2 

MIC, MIC, and 2MIC) of NCs. Bacterial concentration was adjusted to 105 

CFU/ml and each culture were incubated in a shaking incubator at 37 °C. 

Growth curves of bacterial cell cultures were calculated through repeated 

measure of the optical density (O. D.) using ELICO SL 210 double beam U-

V visible spectrophotometer at 600 nm. 

4.4.2   Results and discussion 

  4.4.2.1 Reaction mechanism 

MoCl3 is known to melt/decompose at 410 °C, however, in the present 

reaction, the temperature was maintained at 285 °C, the melting point of 

PPS. Since MoCl3 is homogeneously admixed in the PPS matrix, PPS may 

act as a catalyst reducing the decomposition temperature of MoCl3 from 

410 °C to 285 °C or below. PPS also acts as a capping agent preventing 

the oxidation of Mo. However as the reaction time increases, oxidation of 

Mo begins to take place due to partial degradation of PPS.  

 

 

4.4.2.2  X-ray diffraction  

Figure 4.14 presents the typical XRD patterns of the as-prepared samples 

(N6, N24, and N48) which indicate the predominant formation of cubic 

phase of metallic molybdenum (JCPDS card no.42-1120) and a minor 

phase of monoclinic MoO3 (JCPDS card no. 85-2405). As the reaction time 

increases, the resultant samples show little change in the relative intensity 

or sharpness for peaks corresponding to metallic molybdenum. However, 

the peak intensities were found to increase for molybdenum trioxide as 

reaction time increased from 6h to 48h. Especially, peak intensity around 

(011) plane (which is a minor intensity peak in monoclinic MoO3) was also 

6-24h 

PPS 

48h 
2MoCl3 

2Mo + 3Cl2 Mo + MoO3 
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Figure 4.14 XRDs  corresponding to samples N6, N24 and N48. 

 

 

appreciably increased with increase in the reaction time. It may be 

speculated that the molybdenum (100) surface provided suitable 

nucleation sites for the growth of (011) MoO3 plane. From the 

diffractograms, it is evinced that the proposed solid-state reaction involving 

molybdenum precursor leads to the formation of metallic molybdenum and 

semiconducting molybdenum oxide within PPS matrix. It is conjectured that 

as the reaction time increases, metallic molybdenum gradually oxidizes to 

molybdenum oxide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

4.4.2.3  Field emission scanning electron microscopy 

 FESEM images of the resultant composites samples are displayed in 

figure 4.15 (a)–(f). FESEM images of samples corresponding to 1:1 molar 

ratio of Mo salt: PPS prepared with different reaction intervals (6h-48h) 

elucidate nanoscale formation of molybdenum/molybdenum oxide 

embedded within the PPS matrix possessing mixed morphologies such as 

rods, sheets as well as spherical and irregular particles. The information 

pertaining to the morphological features obtained from the FESEM images 

for each sample is summarized below: (i) For sample N6, the formation of 

spherical and irregular sheet-shaped nanostructures was noticed as 

displayed in figure 4.15a and b. The size of the spherical nanostructures 

was ~ 20-40 nm and irregular sheet nanostructures varied from ~100-400 
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Figure 4.15. FESEM images of the resultant powders corresponding to lower magnification (a, 

c, e) and, higher magnification. (b, d, f) for samples N6, N24 and N48, respectively  

 

nm in size. (ii) The FESEM images for the sample N24 reveals the 

generation of irregular sheet-like structures (figure 4.15c and d). A 

predominance of irregularly shaped sheets was clearly visible. The size of 

the sheet-like structure is found to be increased as compared to that of the 

sample N6. The irregular shaped nanostructured sheets displayed width 

varying from ~ 100-800 nm and were observed to be ~10-30 nm thick. (iii) 

Hierarchically entangled sheets like nanostructures were  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

detected in the case of sample N48 (figure 4.15e and f). The width, as well 

as thickness of sheets, decreased as compared to other samples, and it 

was observed that these sheets tend to self-assemble forming complex 

hierarchical nanostructures. The width of these nanosheets varies from 

100 nm to 200 nm and thickness varies from 10–20 nm. Interestingly, as 

reaction time was increased from 6h–48h, number of nanosheet-like 

structures have been noticed implying that prolonged heat treatment favors 

2-D growth. 
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4.4.2.4   High resolution transmission electron microscopy   

HRTEM images of the resultant samples are reproduced in figure 4.16. 

The gist of micro-structural information for the NCs is as follows: (A) The 

HRTEM image corresponding to sample N6 (figure 4.16a, at low 

magnification) showed the formation of sheet-like structures. The width of 

the sheets varied from 20 nm-50 nm, while the length varied from 50 nm-

120 nm. Higher magnification image obtained on a representative sheet 

(figure 4.16b) revealed crystalline structure. The recorded lattice spacing of 

0.232 nm matched well with d-spacing corresponding to (110) plane of 

cubic metallic molybdenum.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The inset of the figure 4.16b represents the selected area electron 

diffraction (SAED) pattern of N6 sample revealing its polycrystalline nature. 

Figure 4.16 The higher (b, d, f) and lower (a, c, e) magnification HRTEM images of the 

resultant NCs corresponding to N6, N24 and N48 samples, respectively.  
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(B) At low magnification, for the sample N24 (figure 4.16c), the growth of 

the sheets - most probably by coalescing of the smaller sheets - was 

observed. The crystalline nature was noticed when higher magnification 

image was obtained on the representative sheet-like structure (figure 

4.16d). The lattice spacing of 0.236 nm corresponded to (110) plane of 

cubic metallic molybdenum. The SAED pattern of N24 sample (inset of 

figure 4.16d) disclosed the single-crystalline nature. The slight increase in 

the d value corresponding to (110) plane of cubic metallic molybdenum for 

both N6 and N24 samples can be attributed to the presence of native 

MoO3. (C) For sample N48, low magnification image (figure 4.16e) 

illustrated the formation of hierarchical chunk like structures which 

appeared to be formed due to agglomeration of smaller sheet-like 

structures. A similar trend was also detected in the FESEM image (figure 

4.15e) of the same sample. The polycrystalline structure was revealed at 

higher magnification (figure. 4.16 f). The lattice spacing ~ 0.201 nm could 

be indexed as (201) plane of monoclinic MoO3. The SAED pattern in the 

inset of the figure 4.16f confirmed the polycrystalline nature of the sample. 

4.4.3    Antimicrobial activity study 

Microbial infection is a major cause of concern in the medical industry. 

Biomedical devices, components, and implants are major carriers of such 

infections. Therefore, as a preventive measure to restrict/eliminate the bacterial 

colonization, it is imperative to fabricate/coat biomedical devices, components 

and implants using NCs with ingrained antimicrobial inorganic nanostructured 

materials. In the proposed assembly of Mo -MoO3-PPS NCs, PPS can impart 

the flexibility of extruding it into the desired shape of any biomedical component 

or implant while entrapped nano-scale Mo-MoO3 can exert antibacterial action. 

As a preliminary effort to support our hypothesis, we have performed the study 

concerning antimicrobial activity of the prepared powders of Mo-MoO3-PPS 

NCs. We expect that this study opens up the door for NCs based inorganic 

pathways to develop bactericidal and fungicidal components and coatings for 

biomedical industry. The anti-microbial activity of the resultant NCs was 

studied, and the results revealed that all the NCs acted as excellent 

antimicrobial agents against both bacteria and fungi. All the NCs exhibited the 

highest zone of inhibition against S. aureus. The inhibition halo diameter was 

found to be 12, 15 and 17 mm for N6, N24 and N48 NCs, respectively. The 

zone of inhibition increased with the gradual rise in concentrations of NCs 

revealed in Table.4.1.  
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N48 sample exhibited the highest antibacterial activity and the highest 

antifungal activity as compared to other nanostructured composites used in the 

present study. Significant zone of inhibition was obtained for the concentration 

of 500 μg. The higher concentration required for such activity may be attributed 

to the entrapment of the synthesized nanoparticles within the polymer matrix. 

An additional aspect of this study was that for concentration of 100 μg, 

considerable (5 mm-9 mm) inhibition halo diameter was noted for K. 

pneumoniae colony treated with the NCs. A. fumigates when treated with the 

NCs samples displayed zone of inhibition from 9 to 11 mm. Interestingly, to 

the best of our knowledge, this is the first report on antifungal activity 

against A. fumigatus using any kind of NCs system. 

a)  MIC/MBC/MFC 

The MIC/MBC/MFC values for bacterial as well as fungal colonies treated 

with NCs samples were provided in Table 4.2. Since, MIC (data not shown) 

and MBC/MFC values (Table 4.2) for all the samples and concentrations 

Concentration of 

Nanoparticles (µg) 

Micro-organisms 

E. 

coli 

P. 

aeruginosa 

S. 

Aureus 

K. 

pneumoniae 

A. 

fumigatus 

Inhibition halo diameter (mm) 

N6 

25 00 00 00 00 00 

50 00 00 00 00 00 

75 00 00 00 00 00 

100 00 00 00 05 00 

500 00 06 12 07 09 

N24 

25 00 00 00 00 00 

50 00 00 00 00 00 

75 00 00 00 00 00 

100 00 00 00 05 00 

500 05 06 15 07 09 

N48 

25 00 00 00 00 00 

50 00 00 00 00 00 

75 00 00 00 00 00 

100 00 00 00 09 00 

500 07 09 17 10 11 

Table. 4.1 Zone of inhibition of NCs at different concentrations against the microorganisms 
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matched with each other, the formulations of NCs were considered to be 

bactericidal /fungicidal. The maximum sensitivity towards MBC values (0.8 

mg/ml) was recorded for sample N48 in all the bacterial cultures. However, 

sample N24 has also induced similar sensitivity in P. aeruginosa, S. aureus, 

and K. pneumoniae. Curiously, MFC value for A. fumigates is noted to be 

1.5 mg/ml.  

 

 

 

 

 

 

 

 

 

 

The antimicrobial activity of NCs was striking, especially, because there are 

no reports associated with metal/metal oxide nanostructures embedded 

within the polymer matrix and still exhibiting antimicrobial activity. However, 

Ana M. Díez- Pascual et al. studied the antibacterial activity on ZnO-PPS 

NCs [36]. It may be noted that bare nanoparticles always exhibit higher 

MBC/MFC values at lower concentration, but their application can be limited 

owing to their potential cytotoxicity, mixing with body fluids and lack of 

platform. Coating of such nanoparticles on biomedical devices and 

components is also tedious, expensive and rigid. However, such drawbacks 

can be overcome in the case of polymer NCs but at the cost of lower 

MBC/MFC values at a lower concentration. 

b) Time-kill assay 

Since NCs sample N48 has revealed maximum antibacterial activity, it was 

allotted for time kill assay against Staphylococcus aureus. The cells of S. 

aureus exhibited different growth curve patterns when exposed to the 

different concentrations of N48 NCs as illustrated in the figure 4.17. In this 

investigation, for control as well as sub-inhibitory concentration (½ MIC), 

lag phase ended at 6h and log phase lasted up to 16h. Subsequent to this, 

steady state growth was noted. However, the degree of growth was found 

to be smaller for sub-inhibitory concentration. Nonetheless, at inhibitory 

concentrations i.e. MIC and 2 × MIC, least to no growth was observed till 

 

Microorganism 

Concentration mg/ml 

Sample code 

N6 N24 N48 

P. aeruginosa 1.0 0.8 0.8 

S. aureus 1.0 0.8 0.8 

E. coli 1.0 1.0 0.8 

K. pneumoniae 1.0 0.8 0.8 

A. fumigatus 1.5 1.5 1.5 

Table 4.2 MBC/MFC determination of NCs against the microorganisms. 
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10h implying that significant delay occurred before the initiation of log 

phase. During the log phase (10-14h), very small scale growth was 

observed. Thus, it can be concluded that inhibitory concentrations caused 

drastic growth inhibitions and consequently can be used as antibacterial 

biomedical components. It is speculated that release of Mo2+ ions from Mo 

as well as MoO3 lead to the killing of bacterial cells presumably by 

disruption of the cell wall. 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.4  Summary   

Solid-solid reaction protocol involving MoCl3 and PPS for the synthesis of Mo-

MoO3-PPS NCs was developed. Metallic Mo was noted to be the dominant 

phase. As the reaction proceeds from 6h to 48h on time-scale, the tendency to 

generate MoO3was found to be enhanced. The synthesized NCs were 

subjected to antimicrobial activity by determining MBC/MFC and time kill 

curves. The higher concentration of the NCs required for attaining the 

antimicrobial activity may be attributed to the entrapment of the synthesized 

nanostructures within the polymer matrix which can hamper the direct exposure 

of an active surface area of nanoparticles to microbial cells. However, this work 

is significant as it unlocks the prospectus of fabricating the biomedical devices 

and components (or coating on them) using such antimicrobial NCs. The 

preliminary results of antifungal activity are indicative of the fact that these 

materials can potentially demonstrate anti-cancer properties as it is a thumb 

rule that antifungal materials are also anti-carcinogenic in nature. More 

investigations in this direction are underway. 

 

 

Figure 4.17 Kill-Growth (time) curves of Staphylococcus aureus cells exposed to different 

concentrations of N48 NCs. 
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4.5 Overall Conclusions 

Solid-solid reaction protocols involving different molybdenum precursors and PPS 

for the synthesis of Mo-MoO3-PPS and MoO3–PPS NCs were developed. MoO3-

PPS NCs were obtained when ammonium molybdate and molybdenum 

hexacarbonyl were used as Mo precursors. Investigations on dielectric properties 

are the salient aspect of this work which reveals better dielectric constant and 

appreciable loss tangent values for the resultant nanocomposites which were 

prepared using molybdenum hexacarbonyl. The first envisaged application for 

these nanocomposites may be capacitors for high power, high temperature (up to 

125 °C) AC field and surface mount circuits. Mo-MoO3-PPS NCs were obtained 

when molybdenum chloride was used as Mo precursor. Mo-MoO3-PPS NCs 

synthesized by MoCl3 as Mo precursor were subjected to antimicrobial activity by 

determining MBC/MFC and time-kill curves. The preliminary results of 

antimicrobial  investigations indicated promising results regarding preparation of 

anti-carcinogenic drugs as well as fabrication of the biomedical devices and 

components using such antimicrobial NCs. The summary of the experimental 

results obtained from this chapter as tabulated in Table 4.3: 

Mo precursor Polymer Temperature Structure Morphology Applications 

Ammonium 

molybdate 
PPS 285° C 

MoO3-PPS 

NCs 

Spherical, 

irregular, 

nanorods, 

sheets, cubic 

block and 

rectangular brick 

- 

Molybdenum 

hexacarbonyl 
PPS 285° C 

MoO3-PPS 

NCs 

Irregular, rod, 

strip, and sheets 

Dielectric 

properties 

Molybdenum 

chloride 
PPS 285° C 

Mo-MoO3-

PPS NCs 

Rods, sheets, 

spherical and 

irregular 

Antimicrobial 

activity. 

 

 

 

 

 

 

 

 

 

Table 4.3 The summary of the experimental results obtained. 
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