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Abstract A new nanocrystalline compound has been synthesized via hydrothermal method using NiCl2 and MoO3 

and 4,4′-bipy (4,4′- bipyridine). The structure, morphology and photoluminescence property have been studied by 

using different analysis including X-ray Diffraction (XRD), Fourier Transform Infra Red (FT-IR) spectroscopy, 

Scanning Electron Microscopy (SEM), Photoluminescence (PL) spectra, Thermogravimetric Analysis (TGA-DTA) 

and Energy Dispersive X-ray spectroscopy (EDX). To fabricate the compound, the effect of different conditions, 

such as the concentration of initial reactants, pH values, temperature and reaction time, on structure and morphology 

of nanocrystals have been investigated. According to obtained results, the pH value influences the size of fabricated 

nanocrystals, the crystals size increased and nanostructures morphology changed with the increment in pH value. 

The results show, neutral or low alkaline conditions of pH are more favorable for formation of the nanocrystals. The 

prepared nanocrystal exhibit a strong PL peak at 453 nm at room temperature when excitated by 270 nm 

wavelength. TGA and DTA analysis display a total weight loss of 10.73 %. 

Keywords Hydrothermal, Nanohybrid, Nanocrystal, Ni, MoO3, Bipyridine 

Introduction 

Due to observed unique properties of inorganic-organic nanohybrids in various industries, there is an increasing 

interest to fabricate and study these materials for different applications. It should be noticed that inorganic-organic 

nanohybrids display significant changes at nanoscale because of surface and volume properties as well as high 

surface-to-volume ratio [1-5].  

Engineering of nanocrystals of inorganic-organic hybrid materials absorbs attention due to two important reasons 

including: (1) difference in their structural flexibility [6], (2) their capability to be used as catalyst, ion exchange, 

photochemistry, gas storage and electromagnetism [7-15]. Hydrothermal crystallization in the presence of 

multifunctional organic amines is one the methods utilized for the synthesis of these materials. Multifunctional 

nitrogenated organic ligands, such as p-phenylenediamine (ppda) [15-17], ethylenediamine (en) [19-20], 1, 10-

phenanthroline (phen) [21-22] etc, are widely used in the structure of inorganic-organic nanohybrids owing to the 

fact that these ligands can act as structure-directing between molybdate building blocks to ease the formation of 

different networks. These ligands not only can be used as coordination factors to transition metals but also cause the 

formation of 1D or multi-dimensional networks by forming intermolecular interactions, such as hydrogen bonding 

[23-26]. These compounds are usually synthesized in solid state at temperature above 150 

C. The advantage of this 
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method is the controlling of chemical homogeneity, purity, morphology, shape and phase of crystals under moderate 

conditions and, as a result, structural nanocrystals with various capabilities, like electronic properties, are obtained.  

The crystalline structure of inorganic-organic hybrid materials of Mo and 4,4′- bipy has been mostly investigated 

[27-29]; however, the preparation of their nanoparticles has not been reported. Thus, we were interested in 

synthesizing these nanoparticles and studying their structure and properties. In this regard, we synthesized these 

nanoparticles and studied their structure and properties. In this paper, nanostructure powders of NiCl2 and MoO3 

with 4,4′- bipy spacer group synthesized by hydrothermal method. The effect of different factors on hydrothermal 

process and the effect of pH values on the morphology of nanocrystals as well as their PL characteristic are 

investigated.  

 

Materials and Methods 

All starting materials were purchased from Aldrich and Merck and used without further purification. Powder X-ray 

Diffraction (PXRD) spectra were measured on a STOE-STADIP. Fourier Transform Infra Red (FT-IR) was 

recorded in KBr discs on a Perkin-Elmer 78 spectrophotometer. Scanning Electron Microscopy (SEM) and Energy 

Dispersive X-ray spectroscopy (EDX) were observed with EM 3200-KYKY. Photoluminescence (PL) spectra were 

performed with a Perkin Elmer LS55 spectrometer using a 150W xenon lamp as excitation source. 

Thermogravimetric Analysis (TGA-DTA) was performed on a BAHR STA 503 Thermal analyzer in air with a 

heating rate of 5 

C/min. 

 

General method to prepare nanocrystals 

A mixture of NiCl2.6H2O (0.024 g, 0.101 mmol), MoO3 (0.014 g, 0.104 mmol), 4,4′-biyp (4,4′- bipyridine) (0.016 g, 

0.102 mmol) and distilled water (10 g, 555.5 mmol) with mole ratios of 1:1:1:5555 (and repeat with 2:1:1:5555) 

stirred for 30 minutes at room temperature. The pH value of the suspension was precisely fixed at 2, 4, 6, 8 and 10 

by using aqueous solutions of HCl and NaOH (1M). Then the suspension was transferred to a Teflon-lined stainless 

steel autoclave (25 mL) and heated to 200 

C at the rate of 5 


C/10 min. After 4 days, the temperature was decreased 

to the room temperature at the rate of 5 

C/10 min. At the ending of the reaction, the pH value of the solution did not 

change. The filtered black precipitate was washed with distilled water and dried at room temperature in a desiccator. 

The obtained compound has a melting point of 1700 

C and is insoluble in water and other common solvents.  

 

Results and Discussion 

Synthesis 

Different factors influence the formation of nanocrystalline products. These factors are: the initial reactants type, 

molar ratio, pH value, reaction time and temperature during hydrothermal synthesis. By changing these factors, 

many reactions are performed under different conditions. Temperature and reaction time in the range of 150-200 

C 

and 2-6 days are examined, respectively. Finally, we resulted that suitable nanocrystals are formed at 200 

C after 4 

days. No nanocrystalline products are formed when the initial reactant was changed from molybdenum trioxide to 

ammonium heptamolybdate tetrahydrate.  

 

Powder X-ray diffraction 

PXRD analysis is applied to investigate the phase-structural changes of nanocrystals. On the basis of XRD data, it is 

observed that synthesized nanocrystals from initial reactants with molar ratio of Ni/Mo=1 are amorphous crystals, 

whereas the sample is completely crystallized at molar ratio of Ni/Mo=2. This behavior implies that the synthesized 

nanocrystals with an excess of NiCl2 make enhanced nucleation. Figure 1 displays X-ray diffraction patterns of 

synthesized nanocrystals with molar ratio of Ni/Mo=2 at different pH values. The obtained nanocrystals consist of 

two phases at pH values less than 10. The first phase is the main phase of 4,4′-Bipyridine-dichloronickel [formula: 

C10H8Cl2N2Ni] related to JCPDS No. 00-050-2049 and the second phase is the smaller phase of Nickel Molybdenum 

Oxide [formula: NiMoO4] related to JCPDS No. 00-045-0142  (For better resolution, the main phase peaks are 

indicated with the * sign in Fig. 1 and the rest of the peaks are related to the NiMoO4 phase.). The main phase, 
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which is orthorhombic at pH values of 4, 6 and 8, shows the three highest peaks at 2θ≈14.785, 2θ≈10.781 and 

2θ≈24.738. At pH value of 2, the minor phase is the dominant phase with the first highest peak at 2θ≈26.580, the 

second highest peak at 2θ≈27.192 and the third highest peak at 2θ≈26.552. The observed small peaks at 2θ > 35 are 

related to diffraction peaks of the minor phase. The existence of this phase shifts the peaks of the major peaks 

towards higher angles. Therefore, there is a small overlap between the diffraction peaks of these two phases. 

Increasing the pH value from 2 to 4 and 6 results in significant decrease in peak intensity of minor phase, however, 

the intensity of main diffraction peaks enhance remarkably. At the pH value of 8, the peak intensities of major phase 

diminish slightly. Finally, the peak broadening, which occurs at the pH value of 10, indicates the formation of 

amorphous phase. Therefore, according to these results, the formation of major phase takes place under neutral or 

low base conditions, while the formation of minor phase occurs under acidic conditions.  

 

 
Figure 1: XRD patterns of synthesized nanocrystals with molar ratio of Ni/Mo=2 at different pH values (the main 

phase peaks are indicated with the * sign). 
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Using scherrer equation, the average crystallite sizes are estimated:  

D = 0.9 λ / β Cos θ 

Where D is particles size, λ is the CuKα radiation wavelength (λ =1.54060 Å), β is the full width at half maxima 

(FWHM), θ is the Bragg’s diffraction angle. The calculated results of the five highest diffraction peaks at different 

pH values are listed in table 1. The average crystallite sizes at different pH values are measured in the range of 35-

55 nm. Hence, the crystallite sizes show remarkable change upon changing the pH value.  

Table 1:  The average crystallite sizes of the five highest diffraction peaks at different pH values 

Peak No. D(pH=2)(nm) D(pH=4)(nm) D(pH=6)(nm) D(pH=8)(nm) 

1 45.15 48.90 52.29 48.82 

2 44.78 40.39 44.33 40.88 

3 54.53 40.85 44.50 41.38 

4 52.07 49.52 48.54 54.31 

5 35.56 37.88 40.77 44.13 

 

Scanning electron microscopy 

Figure 2 displays the SEM images of those crystals prepared with molar ratio of Ni/Mo=2 at different pH values.  

The results show that morphology of nanocrystals change at different pH values. Nanocrystals are spherical with the 

size of 56 nm at the pH values of 6. However, they are planar and lath-like with the sizes of 100-200 nm at the pH 

values of 2, 4, 8 and 10. Thus, the smallest size of the crystals can be observed at the pH value of 6. The SEM 

results suggest that morphology of nanostructures is changed with the increment in pH value. 

 
Figure 2: SEM images of nanocrystals prepared with molar ratio of Ni/Mo=2 at different pH values 

Energy dispersive X-ray spectroscopy 
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According to figure 3, EDX elemental analysis of products at the pH values 2-10 confirms the presence of Mo, Ni, 

and 4,4′-bipy in both major and minor phases. It can be concluded that, The structure of the prepared compound 

includes 4,4′-bipy spacer groups that MoO4 units act as bridges among 4,4′-bipy spacer groups and as a result a 3D 

network with 56 nm in size is formed at neutral pH is form.  

 

 
Figure 3: EDX elemental analysis of prepared nanopowders at the pH values 2-10 

In Table 2 have been listed the percentages and weight ratios derived from EDX elemental analysis. The results 

indicate that the ratio of Ni/Mo and Ni/C weight percentages is increased by increasing the pH value. The ratio of Ni 

to Mo at pH 4 and 6 are approximately 1 to 2.  

 

Table 2: The percentages and weight ratios obtained from EDX elemental analysis of products at pH 2-10 

pH 2 4 6 8 10 

Mo (Wt %) 38.25 36.37 41.49 30.47 36.32 

Ni (Wt %) 10.80 20.08 20.17 22.91 29.49 

C (Wt %) 42.60 31.30 31.42 35.05 24.80 

N (Wt %) 6.53 2.53 1.54 3.55 2.25 

O (Wt %) 1.82 9.72 5.38 8.02 7.14 

Ni/Mo 0.28 0.55 0.49 0.75 0.81 

Ni/C 0.25 0.64 0.64 0.65 1.19 

 

Fourier transforms infrared spectroscopy 

The IR data of prepared products at different pH values in the range of 2-10 are listed in table 3. The stretching 

vibrations related to Ni-O, Ni-N, O-H, C=N and C=C of 4,4′-bipy ring are observed in the range of 525-573, 641-

727, 3374-3524, 1211-1235 and 1605-1612 cm
-1

, respectively. Furthermore, the symmetric and anti-symmetric 

stretching vibrations of MoO2 groups are identified around 802-868 and 892-939 cm
-1

.  
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Table 3: IR characteristic bands frequencies (cm
-1

) of the synthesized compounds at different pH values 

Characteristic bands pH=2 pH=4 pH=6 pH=8 pH=10 

ν(OH ) 3435.69 3374.06 3524.64 3445.92 3439.03 

ν(C-H) 3075.40 2939.53 3142.99 3087.36 2924.70 

ν(C=C) 
1605.35  

1471.68 

1605.46 

1509.86 

1605.62 

1404.35 

1611.51 

1407.95 

1612.39 

1488.79 

ν(C=N) 1234.55 1229.53 1235.09 1213.53 1211.31 

ν(MoO2 ) 
851.44 

923.22 

868.43 

921.83 

802.96 

892.93 

860.34 

939.18 

861.81 

930.72 

ν(Ni-N) 654.06 643.01 672.23 727.45 641.80 

ν(Ni-O) 560.41 562.46 573.38 555.57 525.58 

 

Thermogravimetric analysis 

Figure 4 indicates the TGA and DTA thermal analysis of optimized nanocrystal at the pH value of 6. The TGA 

analysis of fabricated product displays two-step weight loss at a heating rate of 5 

C/min in air. The first 6.95%-

weight loss at 305-340 

C can be assigned to leaving coordinated water molecules corresponding to the endothermic 

minimum (330.89 

C) of the DTA curve. The second observed 3.77%-weight loss at 395-455 


C is due to 

decomposition of 4,4′-bipy ligand and complex structure confirming by the exothermic DTA maximum (429.09 

C). 

The total weight loss of 10.73 % is in agreement with the calculated data, and so it has thermal resistance. 

 
Figure 4: The TGA-DTA thermal analysis of prepared nanocrystal at pH=6 

 
Figure 5: The a) absorbance and b) emission spectra of nanocrystals prepared at pH=6 in solid state at room 

temperature 

Photoluminescence spectra 
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The absorbance and emission spectra of nanocrystals optimized at the pH value of 6 at room temperature are 

presented in figure 5. The excited nanocrystals at the wavelength of 270 nm show an intense PL emission peak at the 

wavelength of 453 nm. This band confirms its optical properties which depend on energy difference between 

valence and conduction bands. Placement of 4,4′-bipy groups between inorganic materials increases the hardness of 

structure and leads to observation of photoluminescence emission as a result. 

 

Conclusion 

A new inorganic-organic hybrid compound has been synthesized via hydrothermal method using NiCl2, MoO3 and 

4,4′-biyp. This compound shows that interesting multi-dimensional structures can be obtained via covalently linked 

the inorganic MoO4 group to complexes of transition metals, such as Ni-biyp. It was observed that molar ratios of 

Ni/Mo, pH values, temperature and reaction time effectively influence the morphology and nanostructure of final 

crystals. By fixing different parameters, the crystal sizes increase when the pH value is increased, and particles with 

size higher than 56 nm are formed. On the basis of obtained results, the crystallization of nanocrystals at the pH 

value of 6 is optimized and is controlled by a random nucleation process. The results indicate that the ratio of Ni/Mo 

weight percentages is increased by increasing the pH value. 

Using PL spectroscopy, the optical properties of the synthesized samples, originating from the energy difference 

between conduction and valence bands, are confirmed. Room-temperature PL, which was excited at the wavelength 

of 270 nm, indicates a photoluminescence emission peak at the wavelength of 453 nm. The fabricated structure 

displays an increase in hardness as well as a photoluminescence emission due to the fact that 4,4′-biyp groups stand 

like bridges between inorganic species.  
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