Influence of synthesis route on the formation of ZnO particles and their morphologies
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Abstract


The formation and microstructure of ZnO particles, obtained by mixing concentrated aqueous Zn(NO3)2 and NaOH solutions, were monitored by XRD, FT-IR spectroscopy, FE SEM and B.E.T. techniques. At 160 oC and pH near 6, plate-like Zn5(OH)8(NO3)2(H2O)2 particles were formed at the beginning of precipitation process, then quickly transformed to ZnO via dissolution/reprecipitation mechanism. ZnO particles of different geometrical shapes, based on hexagonal prism, were produced. Precipitation at 20 oC and pH near 6 yielded plate-like Zn5(OH)8(NO3)2(H2O)2 particles which were present up to 6 months of ageing. Autoclaving of the precipitation system at 160 oC up to 72 h and pH near 7 yielded only ZnO particles as pseudospheres, hexagonal dipyramids and open form of hexagonal pyramid. All these particles were built from much smaller ZnO units. Only ZnO particles were obtained at 160 or 20 oC and pH near 13. All ZnO particles, thus obtained, were plate-like and their size depended on the temperature and time of ageing. B.E.T. measurements can be related with the geometrical shapes and size of ZnO particles, as inspected with FE SEM. FE SEM inspection did not show the formation of microporous ZnO particles. The geometrical shape of the corresponding FT-IR spectra can be also related with the geometrical shapes and size of ZnO particles.
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1. Introduction

Zinc oxide (ZnO) is important inorganic material which has various applications in ceramics, catalysts, rubber, cosmetics, varistors etc. Size, morphology and charge of ZnO particles play an important role in these applications. Nanosize ZnO particles (<100 nm) are efficient in killing many bacteria. Many researchers focused on the preparation of ZnO particles under various conditions, because it is well known that the properties of metal oxide particles (including ZnO) can be changed completely or modified in dependence on the synthesis route.

Musić et al. [1-3] and Ristić et al. [4] investigated inlfuence of the synthesis route on the size, morphology, pHiep or specific surface area of ZnO particles. The conditions for the precipitation of ZnO particles from micrometer to nanometer size were elaborated. Seelig et al. [5] reported the two-step preparation of mondisperse ZnO particles based on the refluxing Zn(ac)2 · 2H2O in diethylene glycol (DEG). Taubert et al. [6-8] focused on the influence of polymers on the formation of ZnO particles. Li et al. [9] showed that the polymer PEG400 promoted a one-dimensional (1D) crystal growth of ZnO. Castellano and Matijević [10] used urea process to precipitate basic zinc carbonate, which was further decomposed to ZnO by heating at 300 oC. The morphology of ZnO particles was dependent on the type of alkali and the temperature of precipitation [11]. The preparation of uniform ZnO particles using a controlled double-jet precipitation method was reported [12]. Sonder et al. [13] used urea process to prepare ZnO-based varistors.

In the recent years, the researchers strongly focused on the syntesis of nanosize (nanocrystalline) ZnO particles. Meulenkamp [14] and Sakohara [15] prepared nanosized ZnO particles of several nm by the reaction of ethanolic solution of Zn(ac)2 · 2H2O salt with ethanolic solution of LiOH. The formation of nanosize ZnO particles by the reaction of Zn(acac)2 and NaOH in boiling EtOH was assigned to suppressing the role of acac ligand on the hydrolysing process [16]. Hu et al. [17] showed that the coarsening kinetics of ZnO particles was dependent on the presence of the anion during the reaction of Zn(II)-salt with NaOH in 2-propanol. Nanoporous ZnO spheres for a possible application in dye-sensitized solar cells were prepared using the nanochemical synthesis [18]. Preparation of nanosize ZnO particles (<100 nm) by emulsion method has been reported)[19]. Mondelaers et al. [20] used an aqueous acetate-citrate gelation method to prepare ZnO particles and their sizes could be controlled between ~ 11 and 175 nm.

In the present work we focused on the crystallization of ZnO at 20 oC or 160 oC from concentrated Zn(NO3)3 solutions neutralized with concentrated NaOH solution at different pH and this differs from many works which were performed with low Zn2+ concentrations. The properties of ZnO particles precipitated at low Zn2+ concentrations are different from those of particles precipitated at high Zn2+ concentrations. Also, the precipitation from low concentrations of metal salts (including ZnO) is more interesting from the academic standpoint, than from the real technological application. In this work the precipitates were analyzed by XRD, FT-IR spectroscopy and B.E.T. Application of a high resolution scanning electron microscopy made it possible a better insight into the morphologies of ZnO particles.

2. Experimental


All chemicals were of analytical purity. Twice distilled water was prepared in our own laboratory. Precipitation systems were prepared by adding predetermined volumes of twice distilled water into 40 ml 1 M Zn(MO3)2 solution, then predetermined volumes of 8 M NaOH solution were added to adjust desired pH values. Total volume of all precipitation systems was 60 ml. The volumes of NaOH solution were added under vigorous shaking of the precipitation systems. At very high pH values the precipitation systems were aged in plastic bottles, whereas at 160 oC a stainless steel autoclave with vessel and cup made of Teflon was used. During the ageing the precipitation systems were not mixed. Experimental conditions for the preparation of the samples are given in Table 1. After a proper time had elapsed the precipitates were subsequently washed to remove "neutral" electrolyte from the mother liquor by using an ultra-speed centrifuge (model Sorvall RC2-B). The washed precipitates were dried.

pH measurements were carried out with a pHM-26 instrument manufactured by Radiometer. A combined glass electrode with an operating range up to pH ~14, also manufactured by Radiometer, was used. 


X-ray powder diffraction patterns were taken at RT using an automatic Philips diffractometer  MPD1880 (CuK( radiation, graphite monochromator, proportional counter).


Fourier transform infrared spectra were recorded at RT using a Perkin-Elmer spectrometer (model 2000). The FT-IR spectrometer was coupled with a personal computer and operated with IRDM (IR Data Manager) program. The specimens were pressed into KBr pellets.


The B.E.T. measurements were performed using a FlowSorb II 2300 surface area analyzer (Micromeritics, Norcross, GA.).

Thermal field emission scanning electron microscopy was used to investigate the size and morphology of the particles prepared. FE SEM (JEOL-7000F) was used. The particles inspected with FE SEM were not coated with a conductive layer.

3. Results and discussion
3.1. X-ray powder diffraction


Figs. 1 and 2 show X-ray powder diffraction patterns of selected samples, whereas the complete phase composition of all samples is given in Table 1. Diffraction pattern of sample ZN1 (aged for 30 min at 160 oC) corresponded to zinc hydroxide nitrate hydrate (Zn5(OH)8(NO3)2(H2O)2) in accordance with PDF [21] (cards no. 72-0627, 24-1460), and ZnO (cards no. 89-1397, 89-0511, 89-0510, 79-2205, 36-1451) as a mirror phase. Zn5(OH)8(NO3)2(H2O)2 crystallizes in monoclinic space group C2/m (12; unit-cell parameters a = 19.48, b = 6.238, c = 5.517 Å, ( = 83.28o (PDF card no. 72-0627). ZnO belongs to the hexagonal space group, P63mc [186; unit-cell parameters, averaged among the cited PDF cards: a = 3.249 (2), c = 5.206 (1) Å].

The next sample ZN2, prepared for 35 min at 160 oC, corresponded to ZnO as a single phase showing sharp diffraction lines. Additional hydrothermal treatment up to 72 h (sample ZN3) caused even sharper diffraction lines. Samples ZN4 to ZN6, prepared for 15 min up to 6 months at 20 oC, were one phase complexes, identified as Zn5(OH)8(NO3)2(H2O)2. Samples ZN7 to ZN10 prepared at 160 oC contained ZnO as a single phase. Sharp diffraction lines were noticed for samples ZN7 and ZN9; however, these lines became even sharper with the prolonged time of autoclaving up to 72 h (samples ZN8 and ZN10). Sample ZN11 showed little broadened diffraction lines and the size of crystallites was estimated to about several tens of nm. Diffraction lines sharpened up to 72 h. Broadening of diffraction lines of samples ZN11 and ZN12 was found dependent on the Miller indices of the corresponding sets of crystal planes; crystallites were elongated a little in the direction of the c-axis. A similar effect was noticed for ZnO powders prepared by sol-gel method in our previous work [4].

3.2. FT-IR spectroscopy


Fig. 3 shows characteristic parts of the FT-IR spectra of samples ZN1 to ZN6. The IR bands in the spectrum of sample ZN1 can be assigned to Zn5(OH)8(NO3)2 · (H2O)2 in accordance with XRD; however, the IR bands of a small amount of ZnO present in this sample, as shown by XRD, are not visible. The spectra of samples ZN2 and ZN3 can be assigned to ZnO particles. The spectrum of sample ZN2 is characterized with very broad IR bands centered at 502 and 406 cm-1 with shoulders at 553 and 376 cm-1, as well as with the peak of very small relative intensity at 471 cm-1. With a prolonged time of heating up to 72 h at 160 oC the bands at 500, 470 and 416 cm-1 were much better pronounced. FT-IR spectra of samples ZN4, ZN5 and ZN6 confirmed the formation of Zn5(OH)8(NO3)2 · (H2O)2. The characteristic IR band at 3579/3576 cm-1 is due to the structural OH- group, whereas the IR bands in the range 3467 to 3408 cm-1 belong to the superposition of vibrations of crystalline and adsorbed H2O. FT-IR spectrum of sample ZN6 showed a sharp band at 3576 cm-1, an intense band with a shoulders at 3481 and 3445 cm-1, as well as a broad shoulder at 3298 cm-1. All FT-IR spectra of samples ZN7 to ZN12 corresponds to ZnO. However, distinct changes in the shape of these spectra are visible. FT-IR spectra of samples ZN7 and ZN8 show the same shape. On the other hand, the samples prepared at very high pH, ZN9 to ZN12, show spectra of different shape in relation to the spectra of samples ZN7 and ZN8. For example, the spectrum of sample ZN11 showed two IR bands at 564 and 423 cm-1, with a shoulders at 388 cm-1. The changes observed in the FT-IR spectrum of ZnO particles can be related with the changes in geometrical shape and size of these particles, as shown in section 3.3. of the present work. Hayashi et al. [22] compared the recorded and calculated spectra of ZnO. ZnO particles showed three distinct absorption peaks located between the bulk (O-phonon frequency ((T() and the LO-phonon frequency ((LII). These absorption peaks shifted towards lower frequencies when the permitivity of the surrounding medium was increased. Andrés-Vergés et al. [23,24] investigated the relationship between the shape of the IR spectrum on one size side, and the physical shape and aggregation of ZnO particles on the other. Tanigaki et al. [25] noticed a dependence of the shape of the IR spectrum of ZnO on the synthesis route.

FE SEM


Thanks to capabilities of high resolution scanning electron microscopy, we are able to show a diversity of geometrical shapes of ZnO particles prepared in the present work. FE SEM photograph of sample ZN1 (Fig. 5a; first detail) shows plate-like particles, which can be assigned to Zn5(OH)8(NO3)2(H2O)2 in accordance with XRD measurement. FE SEM photograph (Fig. 5b; second detail) of the same sample shows also a big X-shape ZnO particle (~ 7.2 () consisted of four smaller hexagonal ZnO prisms. This finding is in accordance with XRD measurement which showed a small amount of ZnO in sample ZN1. Also, in the same precipitation system the complete transformation of Zn5(OH)8(NO3)2(H2O)2 to ZnO occurred in very short time by dissolution/reprecipitation mechanism. FE SEM photograph (Fig. 5c) shows the formation of ZnO particles (sample ZN2) based on hexagonal prisms. Upon 72 h of autoclaving at 160 oC, the formation of ZnO particles with well developed geometrical shapes and sharp edges in the micrometer range was noticed (Fig. 5d). That sample, containing also hexagonal pyramids, showed a tendency to form a microstructure similar to the seeds in the flower, as shown in Fig. 6. Fig. 7 shows FE SEM photograps of Zn5(OH)8(NO3)2(H2O)2 precipitated at 20 oC near pH 6 (samples ZN4 and ZN6). Plate-like particles were formed after 15 min (Fig. 7a; sample ZN4) and with prolonged time of ageing up to 6 months they increased in size. In some big particles lateral arrays of plate-like particles are obtained, thus forming a microstructure similar to the stator of variable capacitor in vintage radios (Fig. 7b; ZN6). ZnO particles of different shape were prepared by autoclaving of the precipitation systems near pH 7, as measured at RT. Small ZnO particles of pseudospherical geometry and in size about 100 nm or less are formed (Fig. 8a). At higher optical magnifications of these pseudospherical particles it was revealed that they consisted of much smaller ZnO particles (sample ZN7). Besides these particles, there was also a formation of hexagonal dipyramids, as well as open forms of hexagonal pyramids. It is also well visible that these pyramids and dipyramids consisted of smaller ZnO subunits. Upon 72 h of autoclaving at 160 oC (sample ZN8) there was an increase in size of pseudospherical ZnO particles (Fig. 8b) and it is well visible that they consisted of much smaller subunits. In the center of the photograph, it is also visible, however six particles aggregate with a tendency to build a hexagonal form. Precipitation of ZnO at highly alkaline media (pH near 13, as measured at RT) showed again different geometrical shapes and sizes of ZnO particles. Figs. 9ab show FE SEM photographs of samples ZN9 and ZN10, prepared by autoclaving at 160 oC. In both cases plate-like ZnO particles were obtained. The ZnO particles in sample ZN9 are of irregular shapes and ends, whereas in the case of sample ZN10 this is not the case. Fig. 9b also shows that in the surfaces of some ZnO particles there is a perpendicular growth of ZnO crystals. The precipitation of ZnO particles (sample ZN11) in highly alkaline medium yielded much smaller plate-like ZnO particles (Fig. 9c) than in the case of sample ZN9 produced at 160 oC. With prolonged time of ageing at 20 oC up to 3 months the size of these plate-like ZnO particles increased (Fig. 9d).
3.3. B.E.T. measurements


Specific surface area is an important microstructural parameter of ZnO particles, which depends on the geometrical shape and porosity of the particles. Table 1 shows the results of the specific surface area determinations using the B.E.T. technique. The B.E.T. results show a regular decrease of specific surface area with time of ageing of the precipitation systems which can be related with increase of the size of particles (crystals). The effect of porosity can be excluded, because high resolution SEM did not show the presence of porous ZnO particles. The highest specific surface area of 27.22 m2g-1 was measured for sample ZN11, whereas sample ZN12 showed 16.85 m2g-1. This is in accordance with FE SEM monitoring of these particles which showed a small plate-like ZnO particles in both cases; however, greater for sample ZN12. It can be concluded that B.E.T. results well followed the results of FE SEM monitoring. The B.E.T. values can be also qualitatively correlated with XRD-line broadening noticed in our XRD measurements.
4. Conclusion


The ZnO and/or Zn5(OH)8(NO3)2(H2O)2 crystallized in the precipitation systems prepared by adding of concentrated NaOH into concentrated Zn(NO3)2 solutions. The pH values were adjusted in near neutral pH or at highly alkaline media. At 160 oC and pH near 6, plate-like Zn5(OH)8(NO3)2(H2O)2 particles crystallized at the beginning of precipitation process, then transformed quickly to ZnO via dissolution/reprecipitation mechanism. ZnO particles (crystals) gave a variety of geometrical shapes based on hexagonal prisms/pyramids. Precipitation at 20 oC and pH near 6 yielded plate-like Zn5(OH)8(NO3)2(H2O)2 particles. The crystal growth of these particles increased with ageing of the precipitation system up to 6 months; however, the crystallization of ZnO particles was not observed.
· Autoclaving of the precipitation system up to 72 h at 160 oC and pH near 7 yielded only ZnO particles. The geometrical shapes of these particles were pseudospheres, hexagonal dipyramids and open form of hexagonal pyramid. It was found that all these particles were built from smaller ZnO subunits.

· Only ZnO particles were obtained at pH near 13. All particles obtained at 160 or 20 oC were plate-like and their size depended on the temperature and time of ageing.

· Measurements of specific surface area of the particles showed regularity which is in accordance with FE SEM inspection of the size and geometrical shape of the particles. No microporous ZnO particles were noticed. The changes in the spectral shape of the FT-IR spectrum of ZnO were interpreted as a consequence of different geometrical shapes and size effect of ZnO particles.
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Figure Legends:

Fig. 1.
Characteristic parts of X-ray powder diffraction patterns of samples ZN1, ZN2 and ZN3; ( Zn5(OH)8(NO3)2(H2O)2; ▼ ZnO. Measurements are taken at room temperature.

Fig. 2.
Characteristic parts of X-ray powder diffraction patterns of samples ZN6 and ZN12; ( Zn5(OH)8(NO3)2(H2O)2; ▼ ZnO. Measurements are taken at room temperature.

Fig. 3.
Characteristic parts of FT-IR spectra of samples ZN1 to ZN6, recorded at room temperature.

Fig. 4.
Characteristic parts of FT-IR spectra of samples ZN7 to ZN12, recorded at room temperature.

Fig. 5.
FE SEM photographs of samples: (a) ZN1, first detail; (b) ZN1, second detail; (c) ZN2 and (d) ZN3, first detail.

Fig. 6.
FE SEM photograph of sample ZN3 (second detail).

Fig. 7.
FE SEM photographs of samples: (a) ZN4 and (b) ZN6.

Fig. 8.
FE SEM photographs of samples: (a) ZN7 and (b) ZN8.

Fig. 9.
FE SEM photographs of samples: (a) ZN9, (b) ZN10, (c) ZN11 and (d) ZN12.

Table 1. 
Conditions for the preparation of the precipitation systems and specific surface area of the precipitates. Phase composition of the precipitates was determined by XRD.
	Sample*
	Temperature (oC)
	Time of crystallization
	Final pH
	Specific surface area by B.E.T. (m2g-1)
	Phase composition

	ZN1
	160
	30 min
	6.11
	4.24
	Zn5(OH)8(NO3)2(H2O)2 + several % ZnO

	ZN2
	160
	35 min
	6.18
	0.75
	ZnO

	ZN3
	160
	72 h
	6.14
	0.88
	ZnO

	ZN4
	20
	15 min
	6.30
	6.15
	Zn5(OH)8(NO3)2(H2O)2

	ZN5
	20
	2 h
	6.22
	5.37
	Zn5(OH)8(NO3)2(H2O)2

	ZN6
	20
	6 m
	6.09
	2.68
	Zn5(OH)8(NO3)2(H2O)2

	ZN7
	160
	15 min
	6.78
	10.61
	ZnO

	ZN8
	160
	72 h
	6.82
	5.39
	ZnO

	ZN9
	160
	15 min
	13.04
	14.07
	ZnO

	ZN10
	160
	72 h
	13.10
	5.20
	ZnO

	ZN11
	20
	15 min
	13.00
	27.22
	ZnO

	ZN12
	20
	3 m
	13.20
	16.85
	ZnO


Key: min= minute; h = hour; m = month

* Precipitation systems were prepared by adding a predetermined volumes of twice distilled water and 8M NaOH solution into 40 ml 1M Zn(NO3)2 solution to adjust desired pH values. The volumes of NaOH solution were added under vigorous shaking of the precipitation systems.
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