Surfactant Assisted Sonochemical Synthesis and Characterization of Gadolinium Doped Zinc Oxide Nanoparticles

Abstract
Pure and Gd doped Zinc Oxide (ZnO) nanoparticles were synthesized by sonochemical method using different surfactants (PVP/CTAB). The nanoparticles were characterized by powder X-ray diffraction (PXRD), fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), particle size analysis by DLS technique and UV-Visible spectroscopy. The effect of Gd doping and nature of surfactants on crystallite size, morphology and band gap of ZnO nanoparticles have been investigated. In addition to this, the effect of nature of surfactant on amount of dopant inserted in the ZnO lattice was also studied.
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1. Introduction

Nanosized semiconductors have attracted extensive interest due to their unique properties and applications.1-3 A lot of research work has been done in the synthesis and characterization of semiconducting nanostructures such as ZnO, ZnS, PbS, CdS, CdSe and TiO2.4-8 ZnO is one of these semiconductor materials which have great potential for applications in photocatalysis, solar cells, chemsensors, transducers, transparent electrodes, electroluminescent devices and ultraviolet laser diodes. The applications of ZnO are because of its novel properties such as direct wide band gap (3.37 eV), optical transperancy and large exciton binding energy (60 meV) that ensures signiﬁcant excitonic emission at room temperature. In addition, ZnO is inexpensive and environmental friendly as compared to other metal oxides. The properties and applications of ZnO can be improved by modulating its bandgap9 and controlling its morphology and particle size.10 This can be achieved by doping of selective elements into ZnO. Doping induces drastic changes in its optical, electrical and magnetic properties by modifying its electronic structure.11-13  Different methods have been used for the synthesis of doped ZnO such as laser ablation,14 magneton sputtering,15 high temperature calcinations,16 sol-gel,17 hydrothermal processes18 and sonochemical method19. Among these techniques, sonochemical method has attracted much attention.20-22 It is based on acoustic cavitation resulting from the continuous formation, growth and implosive collapse of bubbles in a liquid.23 It has been proved one of the useful, green, simple and fast methods for the synthesis as well as doping of nanostructures. 


Till now, number of studies on various transition (Fe, Co, Mn etc.) and inner transition metal ions (Eu, Nd, Ce, La, Eu, etc.)-doped ZnO have been reported.24-31 Lanthanide ions are considered as excellent candidates for dopant of the ZnO due to their many optical and magnetic advantages. Gd is recognized as a potential dopant and has become the focus of numerous investigations because of its promising applications in optoelectronic and magnetic devices.32
Here, we reported synthesis of Gd doped ZnO with various doping concentration (0.5 mol%, 1.0 mol%, 1.5 mol%, 2.0 mol%) by sonochemical method. The synthesis of nanoparticles was carried out in the presence of surfactants namely polyvinylpyrollidone (PVP) and cetyltrimethyl ammonium bromide (CTAB). Surfactants have the ability to control the morphology33 and size distribution of nanoparticles34 and it has been found that surfactants also control the concentration of dopant inserted into the host lattice. Hence, the effect of these additives (PVP and CTAB) and that of concentration of dopant (Gd3+) on particle size, morphology, and optical properties of ZnO nanoparticles was investigated by means of different techniques such as XRPD, FT-IR, EDS, SEM and UV-Visible spectroscopy and particle size analysis.
2. Experimental
2. 1. Materials


All reagents used for the synthesis were commercially available and used as received. Zinc acetate and cetyltrimethyl ammonium bromide were purchased from Acros.  Polyvinylpyrrolidone was purchased from Sigma Aldrich and gadolinium nitrate was purchased from Alfa Aesar. Doubly distilled water was used to prepare aqueous solutions.
2. 2. Synthesis

To prepare undoped ZnO nanoparticles, 50 mL aqueous solution of (0.10 M, 1.09 g) zinc acetate and surfactant PVP/CTAB (0.5 g) was prepared. The mixture was positioned in a high intensity ultrasound probe and sonicated for 30 min. Aqueous solution of ammonia (5 %) was slowly added in the above sonicated solution. In this step, nano-structured zinc hydroxide was formed
Zn (CH3COO)2 (aq) + aq. NH3 → Zn (OH)2 (s) + 2(CH3COO) NH4 (aq)        (1)


At the end of the process of adding ammonia solution, the mixture was sonicated for 1 h. The precipitated zinc hydroxide was filtered and washed with distilled water and ethanol. The obtained precipitates were dehydrated at 320 ºC for 2 h. The following reaction (2) took place in the dehydration phase:

Zn (OH)2 (s)      →    ZnO (s) + H2O (g)                                                           (2)


During dehydration, nanostructured zinc oxide was formed. The zinc oxide nanoparticles were sonicated in ethanol for 30 min to eliminate agglomeration. At final step, the mixture was filtered and nanoparticles were dried at 70 ºC. Gd3+ doped zinc oxide were obtained under the similar conditions by replacing a fraction of Zn (CH3COO)2  by Gd(NO3)3 (0.011 g), (0.022 g), (0.034 g) and  (0.045 g) for 0.5 mol%, 1.0 mol%, 1.5 mol%, and 2 mol% doping respectively). The scheme of the synthetic procedure of Gd doped ZnO is presented in the Figure 1.
2. 3. Characterization

The crystalline phase structure and size of the products were determined from powder X-Ray diffraction (PXRD) using Panlytical X’pert-Pro diffractometer system in the 2θ range from 10° to 80° with Cu Kα radiation (λ = 1.5418 A˚). The morphology of the as prepared samples was observed using scanning electron microscope (Quanta 200 3D) equipped with EDS measurement. The UV-Visible absorption spectra of the samples were recorded on T90+ UV/Vis Spectrophotometer (PG instruments Ltd). The FT-IR spectra of the prepared samples were recorded by using Shimadzu Prestige-21 infra-red spectrophotometer. The particle size of the samples was determined by the dynamic light scattering (DLS) technique using a zetasizer nano ZS 90, Malvern make. All the measurements were performed at room temperature.
3. Results and discussion
3. 1. Infrared spectroscopy


FT-IR spectra of prepared undoped and Gd doped ZnO nanoparticles were recorded in the range of 4000-400 cm-1. Figures 2 a and 2 b show the IR spectra of undoped and Gd doped ZnO nanoparticles prepared in presence of CTAB and PVP respectively.

The FT-IR spectra of samples show a prominent and characteristic absorption band in the range of 450-500 cm-1. This band can be attributed to the stretching modes of Zn-O. This characteristic absorption undergoes red shift on doping with Gd3+ (Table 1) which indicates that the Zn-O-Zn network is perturbed by the presence of Gd3+ in its environment. This means that Zn-O bond strength decrease and/or bond length increases with increase in the concentration of dopant.  A broad band near 3400 cm-1 is assigned to stretching vibrations of the O-H group of H2O molecules adsorbed on the surface of ZnO nanoparticles.
Table 1.  IR frequency shift of Zn-O stretching frequency under the influence of Gd doping. 

	Sample
	    PVP            CTAB         

	
	      υ(Zn-O) /cm-1

	Undoped ZnO
	480
	482

	0.5 mol% Gd: ZnO
	455
	478

	1.0 mol% Gd: ZnO
	449
	449

	1.5 mol% Gd: ZnO
	446
	435

	2.0 mol% Gd: ZnO
	445
	430


3. 2. Powder X-Ray diffraction

Figure 3 (a, b) display PXRD patterns of the undoped and Gd doped ZnO nanoparticles prepared in CTAB and PVP medium respectively. In both cases, the diffraction peaks for samples doped with Gd corresponds to hexagonal wurtzite ZnO as reported in JCPDS card no. 36-1451, and no detectable diffraction peak for any impurity phase such as Gd2O3, Gd (OH)3, Gd metal or Gd-Zn alloy was found. This indicated that the Gd3+ ions substituted Zn sites without changing the wurzite crystal structure of ZnO and without any precipitated phase or clustering. However, the diﬀraction peaks shift to lower angle slightly as dopant concentration (Gd)  increases from 0.5-2.0 mol%, indicating that the lattice parameters get changed when Gd3+ are incorporated into ZnO lattice. This is due to the reason that the ionic radius of Gd3+ (R = 0.94 Å) is bigger than that of Zn2+ (R = 0.74 Å). 


It is noted that the full width at half maximum (FWHM) of the diffraction peaks of ZnO changes with change in concentration of dopant (Gd3+) and nature of surfactants. Their effect on the crystallite size of undoped and doped ZnO nanoparticles is estimated from XRD data by using Williamson-Hall method. The crystallite size of the doped ZnO nanoparticles is found to be smaller than undoped ZnO nanoparticles (Table 2). 
Table 2. Crystallite size of undoped and Gd doped ZnO calculated by Williamson-Hall method.
	  Sample
	CTAB            
	    PVP       

	
	D /nm    
	
	D/nm 
	

	Undoped ZnO
	56
	
	52
	

	0.5 mol% Gd: ZnO
	51
	
	46
	

	1.0 mol% Gd: ZnO
	46
	
	41
	

	1.5 mol% Gd: ZnO
	42
	
	39
	

	2.0 mol% Gd: ZnO
	40
	
	33
	


3. 3. Scanning electron microscopy  


The surface morphology of the Gd3+ doped ZnO nanoparticles (CTAB/PVP) was examined with scanning electron microscope. SEM micrographs of Gd3+ doped ZnO (CTAB) show nanorods and flowerlike nanostructures (Figure 4(a-c). However, SEM micrographs of Gd3+ doped ZnO nanoparticles (PVP) show clusters of spherical shaped particles (Figure 4 (d-f). The results suggest that surfactants can control the morphology of particles. The aggregation of the particles increases with increase in the dopant concentration. 
3. 4. Energy dispersive X-Ray spectroscopy 
EDS was performed to investigate the presence and concentration of dopant in the doped ZnO nanoparticles. Figure 5(a-d) show energy dispersive X-ray spectra of Gd doped ZnO. The results confirm that prepared Gd doped ZnO (CTAB/PVP) nanoparticles are assuredly composed of Gd, Zn, and O and indicate that atomic ratio of Zn : O : Gd (CTAB) in the 1 mol% Gd: ZnO  is 54.70 : 43.30 : 2.00 and in 1.5 mol% Gd : ZnO, it is 57.63 : 40.08 : 2.29. However, in the PVP assisted 1.0 mol% Gd, the atomic ratio of Zn : O : Gd is 61.61 : 35.47 : 2.92 and in 1.5 mol% Gd doped ZnO, it is 64.85 : 31.90 : 3.25. In general, less amount of Gd is found in the doped samples than provided in the precursor solution. This indicates the there are some hindrances during incorporation of the dopant into the host lattice. This may be because of the large difficulties associated with the doping of rare earth ions into the ZnO host. Firstly, the ionic radii of RE ions (e.g., Gd3+ = 0.94˚A) are much larger than that of the Zn2+ ion (0.74 ˚A); and secondly, the substitution creates a charge imbalance, as RE3+ ions (charge: +3) substitute the Zn2+ sites (charge: +2) in the ZnO host matrix. Moreover, in the presence of different surfactant, the amount of dopant that is incorporated into the ZnO host is different for same concentration of doping. Higher amount of dopant is found in the ZnO lattice prepared in presence of PVP as compared to that of CTAB (Table 3). Thus, nature of surfactant has effect on the concentration of dopant incorporated in host lattice. The elemental mapping of doped samples shows that Gd is uniformly distributed without any embedded nanoclusters (Figure 6).
Table 3. Weight and Atomic percentage of Zn, O, and Gd in Gd doped ZnO NPs calculated from EDS spectra. 

	Elements
	                   CTAB
	                    PVP

	
	1.0 mol% Gd: ZnO
	1.5 mol% Gd: ZnO
	1.0 mol% Gd: ZnO
	1.5mol% Gd: ZnO

	
	Wt. %
	At. %
	Wt. %
	At. %
	Wt.%
	At. %
	Wt. %
	At. %

	Zn
	78.03   
	54.70
	79.01 
	57.63
	79.68
	61.61
	80.59   
	64.85

	O
	15.11
	43.30
	13.44
	40.08
	11.22
	35.47
	9.70
	31.90

	Gd
	6.85  
	2.00 
	7.55    
	2.29   
	9.10
	2.92
	9.71    
	3.25   


3. 5. Particle size analysis by dynamic light scattering technique 

The particle size distributions of synthesized undoped and Gd doped ZnO nanoparticles (CTAB/PVP) were studied by dynamic light scattering technique. The average particle size distribution of synthesized undoped and doped ZnO is presented in Figure 7. The nanoparticles were uniformly dispersed in aqueous medium by mild sonication for 10 min before DLS analysis. The approximate size of undoped ZnO nanoparticles is found to be 260 nm and 230 nm for CTAB and PVP medium respectively. The particle size of doped nanoparticles decreases with increase in the concentration of dopant. The particle size of the product obtained in the presence of PVP is smaller than that in CTAB. The particle size analyzed from DLS method is usually larger in comparison to the particle sizes calculated from PXRD data, this is due to the surface solvation and agglomeration/aggregation of the particles in the colloidal solution. Another reason behind this anomaly is that DLS size measurements assume the spherical shape of the object irrespective of their actual morphology.
3. 6. UV-Visible spectroscopy

The optical property and band gap of surfactant (PVP /CTAB) coated undoped and Gd doped nanoparticles were studied using absorption spectra. The UV-Vis spectra of undoped and doped ZnO samples are shown in Figure 8. The PVP and CTAB assisted undoped ZnO shows an absorption peak at 378 nm and 369 nm respectively, which undergoes red shift on doping with Gd. The absorption refers to the transition of electrons from the valence band to conduction band and the band gap is the energy difference (in electron volts) between the top of the valence band and the bottom of the conduction band in semiconductors. The optical bandgap of the undoped and doped ZnO was calculated using equation: 
Eg = hc/ λ = 1240/ λ                             (3)
 where Eg is the bandgap in eV,  λ is the wavelength in nm. 

The calculated band gap for the Gd-doped ZnO samples is given in Table 4 and it is observed that bandgap decreases with increase in the concentration of dopant which is due to the fact that doping ions introduce new electronic levels inside the ZnO band gap.
Table 4.  Absorption wavelength and calculated bandgap of undoped and Gd doped ZnO. 
	Sample
	      CTAB
	        PVP

	
	λ /nm
	   Eg/eV
	λ /nm
	Eg/eV

	Undoped ZnO
	369
	3.36
	379
	3.27

	1.0 mol% Gd: ZnO
	375
	3.30
	385
	3.22

	2.0 mol% Gd: ZnO
	383
	3.2
	395
	3.13


3. 7.  Effect of nature of surfactant on doping

Surfactants have effect on the stoichiometric composition and morphology of nanoparticles. A surfactant molecule has a hydrophilic head and a long hydrophobic tail. The overall mechanism of action of surfactant system is such that their molecules embrace the crystals and control their excess growth. CTAB is a cationic surfactant with positively charged head and a long hydrophobic tail. In CTAB solution, the zinc acetate molecules come closer to the positively charged micellar head region due to the electrostatic interactions between the head groups of cationic micelles and negatively charged acetate groups of zinc acetate which result in localization of the zinc acetate precursor on the micellar surface. Thus, the micellar surface becomes the preferred reaction site for the formation of the intermediate. However, positively charged CTAB head region may inhibit the approach of Gd3+ ions on the surface of ZnO intermediate due to electrostatic repulsion, thus less amount of dopant was inserted in the CTAB assisted doped ZnO. In case of PVP, the polyvinyl backbone serves as a hydrophobic group whereas the pyrrolidone group serves as a hydrophilic group. The carbonyl functional groups of PVP coordinate onto the Zn2+ ions of intermediate surfaces. A coordinative bonding of CO to Zn2+ at the ZnO/PVP interface may form. Gd3+ ions also have coordinative interaction to CO of PVP so that they may be absorbed on the surface of intermediate through PVP. Thus, in this case comparatively high amount of dopant (Gd) is incorporated into the host lattice.
4. Conclusions

Pure and Gd doped ZnO nanoparticles were prepared by sonochemical method in the presence of surfactants (PVP & CTAB). PXRD studies confirmed the hexagonal wurtzite structure for all the samples. The presence of Gd ions within the ZnO lattice was confirmed by XRPD and FT-IR study. The microstructure analysis showed the different morphology for doped ZnO samples prepared in CTAB and PVP. The effect of nature of surfactants on doping was investigated by EDS studies which clearly showed that higher amount of dopant were inserted in the ZnO lattice in case of PVP than CTAB. UV-Visible spectroscopy indicated that the band gap for Gd doped ZnO nanoparticles decreases with an increase in Gd-doping as compared to pure ZnO.
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