Synthesis of cobalt nanoparticles with vegetable oil as the stabilizing agent
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Abstract

Cobalt nanoparticles were prepared using cobalt nitrate, vegetable oil and sucrose. Ethanol was used as a solvent as the calculation of heat of reaction showed the destabilization of cobalt particles when water is present in the synthesis mixture. The TG/DTA data showed a weight loss of 62 wt.% at less than 470 oC. The calcination of cobalt nanoparticles at 450 °C demonstrated the sintering of cobalt nanoparticles and increasing of crystallite size and crystallinity. The XRD data revealed fcc structure for the cobalt particles and a crystallite size of 6.4 nm. The scanning electron micrograph showed a particle size in the range of 5.8 – 32 nm for the cobalt nanoparticles calcined at 450 oC for 10 min. The material synthesized without vegetable oil was found to be a mixture of cobalt and cobalt oxides.
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1. Introduction 

Cobalt and nickel nanoparticles have generated great interest due to their potential applications in high density data storage [1], as catalysts [2] and as high performance permanent magnets [3]. There are reports on the preparation of Co and Ni nanoparticles, nevertheless these methods use organometallic precursors [4], reverse micelles [5] and templates [6]. Many of the applications are size dependant [7] and thus particle size is essential for these properties. Various physical and chemical methods, such as the pyrolysis of precursors, sputtering and milling were employed to produce nanoscale magnetic materials [8-10]. The high surface energy of these particles makes them extremely reactive, and most nanoparticles undergo aggregation without protection or passivation of their surfaces [11-15]. Some of the commonly used methods for surface passivation include protection by thiol-functionalized organics [12]; encapsulation in the H2O pools of reverse microemulsions [16]; dispersion in polymeric matrixes [17] passivation by ligand systems such as oleic acid, oleyl amine [18,19] and alkylphosphine [20, 21]. In the last two decades there has been a greater emphasis on the green chemistry and chemical processes [22-26]. These efforts aim at the elimination or minimization of generated waste and the implementation of sustainable processes. Utilization of nontoxic chemicals, environmentally benign solvents, and renewable materials are few of the key issues that merit important consideration in a green synthetic strategy. There are reports which use NaBH4 as the reducing agent, oleic acid and sodium dodecyl sulfate as the stabilizing agent. In the present approach ethanol and water are used as the solvent. Vegetable oil has been used as the stabilizing agent and sucrose is used as the reducing agent as NaBH4, hydrazine, and DMF cause potential environmental and biological risks. This work provides a simple and safe process for producing magnetic amorphous cobalt using cobalt nitrate as the precursor. 

2. Experimental Section 

2.1. Chemicals

Cobalt nitrate hexahydrate (Merck), ethanol (Hong Yang Chemical Corporation), vegetable oil (Commercial), and sucrose (S. D. Fine Chem Ltd) were used without further purification. Distilled water was used as a solvent.

2.2. Synthesis of Cobalt nanoparticles
1.2 g of Cobalt nitrate hexahydrate was taken in a 100 ml RB flask and dissolved in 30 g of 95 wt.% of ethanol. The flask was continuously purged with N2. To this mixture was added 0.3 g of vegetable oil and thoroughly mixed using a magnetic stirrer at room temperature. 0.3 g of sucrose was added to the flask while increasing the temperature to 90 - 100 oC. The heating is continued until a black gel is formed. The obtained black gel is filtered and washed with water to remove any sucrose or ethanol present in the sample. The vegetable oil modified cobalt nanoparticles were extracted from the product mixture with chloroform and thereafter precipitated by addition of ethanol and centrifuged. The obtained nanoparticles of cobalt could be re-dissolved in organic solvents, such as n-hexane, toluene and tetrahydrofuran. 

2.3. Characterization
Wide-angle XRD patterns for the as-synthesised and calcined cobalt nanoparticles were obtained using a Rigaku Miniflex II, using CuKα irradiation. SEM studies were carried out on a FEI Quanta FEG 200 high resolution scanning electron microscope. TG/DTA analyses were acquired using PerkinElmer instrument and the measurements were run under air with a temperature ramp of 5 oC / min. between 40 and 700 oC using alumina as the reference.
3. Results and Discussion

The cobalt nanoparticles were synthesized by the reduction of cobalt (II) nitrate hexahydrate and in the presence of vegetable oil at 170 oC. The material synthesized without vegetable oil was found to be a mixture of cobalt and cobalt oxides. This shows the significance of vegetable oil as stabilizing agent for cobalt nanoparticles. Similar to oleic acid, the unsaturated acid present in the vegetable oil may be anticipated to function as a capping agent and thereby preventing their oxidation by air. Several precursors (cobalt nitrate, cobalt acetate and cobalt chloride) and reducing agents (N2H4, NaBH4 and C12H22O11) were examined in order to establish a suitable precursor and reducing agent. The equations (1) – (3) suggest that reduction of cobalt (II) nitrate to cobalt is requiring lower energy than the other precursors such as cobalt (II) acetate and cobalt (II) chloride. This demonstrates that pure cobalt nanoparticles can be synthesized from cobalt (II) nitrate as the removal of nitrates and water requires lower energy than the removal of water from cobalt (II) acetate. In addition, cobalt (II) acetate leaves carbon with the cobalt nanoparticles. Cobalt (II) chloride can produce pure cobalt nanoparticles, nevertheless, as shown in the equation it requires about 20 times higher energy than cobalt nitrate. Notwithstanding the fact of two moles of hydrogen consumption by cobalt nitrate for its reduction to cobalt, the calculated heat of reaction for various precursors describes the preference of cobalt (II) nitrate over the other two precursors for the synthesis of cobalt nanoparticles. 
Among the various reducing agents, the equations (4) – (7) suggests that sucrose is a better reducing agent than sodium borohydride, hydrazine and molecular hydrogen. Although NaBH4 showed nearly same energy for the reduction, the difficulties due to the removal of sodium and boron was taken into consideration and thereby sucrose was preferred over sodium borohydride. The two other reducing agents (N2H4 and H2) as shown in equations (6) and (7) demonstrated about 8-9 times of higher energy for the reduction of cobalt (II) nitrate than sucrose and NaBH4. The use of sucrose as reducing agent leaves considerable amount of carbon with the cobalt particles which compels the extraction of cobalt nanoparticles with polar solvents. 
The evaluation of equations (1) and (7) suggests that anhydrous precursor requires lower energy than the hydrated precursor. If the precursor does not contain water of hydration or the water of hydration is lower then the heat of reaction is also lower. Therefore this suggests that the presence of water in the synthesis mixture will destabilize the formation of metallic nanoparticles. This also shows that the synthesis of cobalt nanoparticles using water as the solvent could be detrimental since it will lead to the formation of respective oxides than the intended metallic particles. In the present study ethanol was used as a solvent for the synthesis of cobalt nanoparticles in order to ensure the synthesis of metallic cobalt. The experiments performed with isopropanol and n-butanol showed rapid settling of particles and thereby agglomeration, this suggested the preference of ethanol over the other alcohols. The analyses of equations (7) and (8) shows that the synthesis of cobalt without eliminating moisture from the sample is energetically more favored than removing them from the sample. However the metallic nanoparticles containing moisture is more vulnerable as it will react with the moisture present in the sample and consequently the metallic cobalt is converted to CoO or Co(OH)2. Although removal of water from the sample requires higher energy, the removal of water found to enhance the stability of the material. 
The perusal of equations (7) and (9) shows that the increase in concentration of reducing agents can control the emission of NO2 as this can react with excess hydrogen in the reaction mixture to form H2O and N2. Hence, the increasing concentration of reducing agents will lead to green process for producing nanoparticles from nitrate precursors. The three fold increase of reducing agent showed to proceed the reaction to about 71 times faster than with two moles of hydrogen for a mole of cobalt (II) nitrate.  

The XRD patterns of the as-synthesized and calcined cobalt nanoparticles at 450 oC for 10-20 min. in air are shown in Fig. 1 and have been compared with the reports. The samples were calcined at 450 oC as the maximum loss is obtained at about 450 oC. The XRD patterns obtained for the calcined samples showed the presence of metallic cobalt nanoparticles. The peaks observed at a 2θo of 44.3 and 51.5 are characteristic of fcc cobalt phase [27]. The thermodynamically preferred hcp cobalt phase [28] or the metastable ε-Co structure [29] is not obtained by the present synthetic procedure. When the sample is calcined at 450 oC for 20 min. [Fig. 1 (c)] peaks were obtained at 2θo of 35 and 39.4 which may be due to the formation of Co2O3. The sintering of cobalt nanoparticles and increasing of crystallinity is also demonstrated when the sample is calcined under inert and reducing atmosphere. The XRD pattern for these samples is not shown here as they are similar to the pattern obtained for Fig. 1 (c). The crystallinity of the sample is notably enhanced with calcination, however, showed no distinguishable peaks for the as-synthesized sample. The increase in calcination time of the sample enhanced the intensity and decreased the width of the XRD peaks. The crystallite size for the calcined samples was determined by Scherrer formula. The average crystallite size obtained is 6.4 nm and 16.7 nm for the materials calcined at 450 oC for 10 and 20 min. respectively. The increasing crystallite size with greater retention at 450 oC shows the sintering and thereby the aggregation of the cobalt particles.  
The TG/DTA profile of as-synthesized cobalt nanoparticles sample is shown in Fig. 2. The thermogram obtained showed a weight loss of 12.8 wt.% between 232 and 333 oC which could be attributed to the volatile organic material present on the surface of metallic cobalt particles. In addition a weight loss of 49.2 wt.% was obtained between 333 and 470 oC which may be attributed to the removal of carbonaceous materials present in the synthesized sample. The observation of total weight loss of 62 wt.% at less than 470 oC reveals the thermal instability of the metallic nanoparticles.  
Fig. 3 shows the high-resolution SEM image obtained for the cobalt nanoparticles calcined at 450 oC for 10 min. SEM could not be recorded for the as-synthesised sample as the material is amorphous and also the particle size is smaller than that of the heat treated sample. The SEM image shows virtually spherical morphology and moderately agglomerated particles with a particle size ranging from 5.2 to 28 nm. This shows that the crystallite size (6.4 nm) obtained from XRD is smaller than the average particle size observed from SEM analysis. The dissimilarity in particle and crystallite size may be attributed to the limitations of determining the particle size for the samples with less than 10 nm by SEM. 
4. Conclusion 
Cobalt nanoparticles were prepared by an environmentally benign method using cobalt nitrate, vegetable oil and sucrose. The evaluation of heat of reaction for various cobalt precursors showed the advantage of nickel nitrate over the other precursors as the removal of nitrates and water required lower energy. Ethanol was used as a solvent as the calculation of heat of reaction showed the destabilization of cobalt particles when water is present in the sample. The calcination of cobalt nanoparticles at 450 °C demonstrated the sintering of cobalt nanoparticles and increasing of crystallite size. The XRD data revealed fcc structure for the cobalt particles and a crystallite size of 6.4 nm. The scanning electron micrograph showed a particle size of 5.8 – 32 nm for the cobalt nanoparticles calcined at 450 oC for 10 min. Vegetable oil was found to stabilize the surface of the cobalt nanoparticles.  
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Fig-1 XRD patterns of cobalt nanoparticles (a) as-synthesised (b) calcined at 450 oC for 10 min. and (c) calcined at 450 oC for 20 min. 
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Fig. 2 Thermogram of the as-synthesized cobalt nanoparticles 
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Fig. 3 High-resolution SEM image of cobalt nanoparticles
Reactions:
Co(NO3)2 + 2H2(g) → Co + 2NO2(g) + 2H2O(g)  ΔH = 6.3 kJ/mol at 25 0C  -- (1)

Co(CH3COO)2 + H2(g) → Co + 4H2O(g) + 4C  ΔH = 84.8 kJ/mol at 25 0C   -- (2)

CoCl2 + H2(g) → Co + 2HCl(g)  ΔH = 126.5 kJ/mol at 25 0C   -- (3) 

Co(NO3)2.6H2O + NaBH4 → Co + 2 NO2(g) + 6 H2O(g) + NaBO2 + 2 H2(g)  ΔH = 42.1 kJ/mol at 25 0C   -- (4)
Co(NO3)2.6H2O + C12H22O11 → Co + 2 NO2(g) + 1.5 CO2(g) + 10.5 C + 16H2O(g) + H2(g)  ΔH = 38.6 kJ/mol at 25 0C   -- (5)
Co(NO3)2.6H2O + N2H4 → Co + 2 NO2(g) + 8 H2O(g) + N2(g) +   ΔH = 308 kJ/mol at 25 0C   -- (6)
Co(NO3)2.6H2O + 2 H2(g) → Co + 2 NO2(g) + 8 H2O(g)  ΔH = 342.3 kJ/mol at 25 0C -- (7)
Co(NO3)2.6H2O + 2 H2(g) → Co + 2 NO2(g) + 8 H2O(l)   ΔH = -9.7 kJ/mol at 25 0C -- (8)
Co(NO3)2.6H2O + 6 H2(g) → Co + N2(g) + 12 H2O(g)  ΔH = -693.3 kJ/mol at 25 0C -- (9)

