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Introduction 
 
The fascinating and uncommon properties of nanomaterials have attracted considerable interest 
among scientists to explore their uses in various technological fields. Nanoparticles are a part of 
nanomaterials where at least one characteristic dimension is less than 100 nm. At this scale, the 
nanomaterials show new and interesting properties not seen in their conventional bulk 
counterparts. These emergent properties of nanomaterials are mainly due to increased relative 
surface area and quantum effects [1].  
Semiconducting metal oxides are the most versatile nanomaterials because of their various 
properties and functionalities in many areas of chemistry, physics, and materials science. In 
particular, zinc oxide (ZnO) is an attractive n-type semiconductor with a wide band gap (3.37 eV) 
and a large exciton binding energy of 60 meV at room temperature [2-3]. The exciton binding 
energy of ZnO is much higher than those of other interesting materials such as ZnSe, ZnS, and GaN, 
which makes it an excellent semiconductor for lasing [4]. This material has been important in 
fundamental studies, and it possesses unique optical, electronic, and mechanical properties [5-8]. 
ZnO exhibits the most diverse and abundant configurations of nanostructures known to date, such 
as nanorods, nanobelts, nanohelixes, nanorings, nanowires, nanoneedle, nanowalls, and 
nanoflowers [9-13]. Zinc oxide is a multifunctional material that plays an essential role in the 
manufacturing of catalysts, sensors, piezoelectric transducers, paints, ceramics, varistors, cosmetics 
and transparent UV protective films [14-17]. Therefore, much effort has been devoted towards the 
synthesis of ZnO.  
Titanium dioxide (TiO2) is a metal oxide that has been widely investigated due to their unique 
properties and various industrial applications in photocatalysis, solar cells, pigments, photovoltaic 
devices, sensors, electrochromic devices, and cosmetics [18-26]. TiO2 occurs naturally in three 
different forms which are, in order of abundance, rutile, anatase, and brookite. The rutile and 
anatase phases have been intensively researched and display significant technological uses, mainly 
due to their optical properties [27]. The anatase form shows a better photo catalytic activity and 
antibacterial performance [28-29].  TiO2 nanoparticles have been widely used as an efficient 
catalyst for the decomposition of organic contaminants present in water [30-31]. Titanium dioxide 
has other remarkable properties such as redox selectivity, high chemical and thermal stability, high 
photoactivity and wide band gap (3.2 eV for anatase phase) [32-37]. The various important 
applications of TiO2 nanoparticles can also be attributed to the easiness of its synthesis, its low cost 
and low toxicity [38]. 
Rare earth oxides have been extensively investigated due to their fascinating electronic, optical, 
and chemical properties resulting from their 4f electrons [39-40]. These properties depend strongly 
on the material's chemical composition, crystal structure, shape, and dimensionality [40]. Among 
rare earth oxides, gadolinium oxide (Gd2O3) is an attractive material due to its vast area of 
applications. It has interesting properties such as good chemical durability, thermal and 
photochemical stabilities, and low phonon energy [41-42]. Gadolinium oxide is a promising 
candidate for different applications because of its high refractive index, wide band gap (5.4 eV), low 
phonon energy, suitable permittivity, and its ability of being easily doped with rare earth ions [43-
45]. This material has been proposed in optoelectronic devices, data storage, sensors, 
semiconductor devices, and display technologies [46-47]. Recently Gd2O3 nanoparticles have been 
attracting scientific attention because of their capacity to improve imaging techniques such as 
magnetic resonance imaging (MRI) [48-49]. 
Owing to promising applications and excellent properties, a wide range of studies on new synthetic 
routes to prepare ZnO, TiO2 and Gd2O3 nanomaterials have been performed over the years. Many 
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different methods, including microwave-assisted synthesis, hydrothermal processing, co-
precipitation method, mechanochemical processing, sol-gel technique, spray pyrolysis and 
solochemical processing [50-54], have been devised to prepare ZnO nanostructures. Among these 
methods, the solochemical processing is of particular interest because of its reproducibility, 
simplicity, and reliability [54]. Moreover, this technique provides a promising alternative for low 
cost and large-scale production of ZnO nanostructures [53]. The solochemical processing consists 
basically in the reaction between a heated alkaline solution and another containing the precursor 
(zinc complex) at room temperature [53-55]. In this approach, the synthesis of the ZnO 
nanostructures is performed using mild reaction conditions, simple procedure and equipment, and 
short reaction time. 
Preparation of nanosized TiO2 has been carried out by methods such as solvothermal technique, 
microwave method, hydrothermal process and sol-gel synthesis [56-59]. Among these approaches, 
sol–gel syntheses from titanium alkoxides are the most widely used. The production of metal 
oxides by this method generally involves hydrolysis and condensation reactions of titanium 
alkoxide dissolved in an organic solvent with controlled amounts of water [60-61]. Complete 
reactions and loss of solvent leads to the transition from the liquid sol into a solid gel phase [61]. 
The sol-gel process offers several advantages such as low reaction temperature, better 
homogeneity, high purity, and low cost [62]. In this method, it is possible to control the size and 
morphology of the particle by regulating the sol composition, reaction temperature, nature of 
solvent, calcination temperature, and reaction time. In addition, a prolonged heating time at low 
temperature for the gel can avoid the agglomeration of the TiO2 nanoparticles during the 
crystallization process [63].  
Efforts have also been made to develop different methods for preparing gadolinium oxide 
nanostructures. They include: magnetron sputtering, precipitation technique, solvothermal 
synthesis and polyol method [44, 64-66]. The polyol method is a promising technique for the 
synthesis of nanoparticles and has been successfully used to obtain a large variety of materials, 
including oxides. It is based on the direct precipitation of oxides in a high boiling point alcohol [67-
68]. Since the alcohol acts as a surface capping agent, the polyol route allows a close control of the 
particle size [69]. Some experimental conditions such as temperature and precursor concentration 
can also be adjusted to prepare nanomaterials with controlled size and shape [69]. Besides, the 
polyol process stands out as an efficient route to produce monodisperse and non-agglomerated 
nanoparticles compared to other synthetic routes [68]. 
This chapter describes the solochemical, polyol and sol-gel routes for the production of ZnO, Gd2O3, 
and TiO2 nanostructures, respectively. The effects of the reaction conditions on the formation of 
the ZnO nanocrystals, the influence of calcination temperature on the size and shape of the Gd2O3 
nanoparticles, and the effect of heat treatment time on the preparation of TiO2 nanostructures will 
be discussed.  
 
 

Solochemical Technique 
 
Rapid development in the applications of the nanomaterials, ranging from electro-optics to biology, 
demands precise control of their size, shape and properties [70-71]. Several physical and chemical 
routes have been introduced to prepare nanostructures with various sizes and morphologies. 
Synthesis of nanostructures via physical methods generally involves complex procedures, 
sophisticated equipment, and relatively high pressure and temperature. In contrast, chemical 
methods comprise a simple and versatile option for the preparation of nanostructures due to lower 
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synthesis temperature and higher product uniformity [72-73]. Some of these chemical methods 
require a relatively high growth temperature (above 100 °C), long reaction durations, high 
pressures, and several processing steps. Other chemical approaches require surfactants and 
additives for tailoring the shape and size of nanostructures, which can introduce impurities into the 
desired products. Such disadvantages make some chemical techniques unfavorable for the 
production of nanomaterials.  
The solochemical method stands out as an efficient chemical route for preparing nanomaterials or 
nano-composites with high purity. This method comprises the preparation of a solution containing 
the precursor, and the subsequent decomposition of said precursor at a suitable temperature into 
the desired nanostructures, with no additional processing requirements [53-54, 74]. This route 
involves a minimum number of steps and reactants, which avoids undesirable excess of starting 
materials, parallel reactions, and byproducts that can contaminate the final product. The 
solochemical process is successfully used to prepare ZnO nanostructures [53-55], and can also be 
applied to different precursors to form other nanostructured oxides such as Mn2O3 and NiO [53], 
and nanocomposites like ZnO/TiO2 [75]. 
The solochemical synthesis of ZnO nanostructures consists of chemical reactions between a heated 
alkaline solution, such as NH4OH [53] or NaOH [54-55], and a zinc precursor solution under 
controlled temperature and slow reagent mixture. In this process, the reactions take place at 
relatively low temperatures (below 100 °C) using a short reaction time [76]. Furthermore, the 
solochemical processing has other advantages such as easy procedure, simple equipment, low-cost, 
and the products do not require subsequent thermal treatment after the drying step. In this 
method, by controlling the growth parameters like pH value [77] and reaction temperatures [55, 
76], rounded nanoparticles and rod-like structures can be achieved, and the size and optical 
properties of the ZnO nanostructures can also be tuned. No templates, surface capping agents, 
catalysts, or other additives are necessary to produce the ZnO nanostructures through this 
technique [78]. Thus, this processing may be one of the simplest and appropriate chemical routes 
to meet the industrial needs of ZnO nanocrystals. 
The formation mechanism of the ZnO nanostructures is a complex process and mostly considered 
to include two main steps: the generation of a ZnO nuclei, and subsequent ZnO crystal growth. In a 
typical aqueous solution approach, the Zn(OH)4

2-
 complexes serve as basic growth units for the 

preparation of ZnO nanostructures [79-81]. Therefore, in the solochemical reaction the Zn
2+

 ions 
are produced from the zinc precursor and react with the OH

- 
ions to produce Zn(OH)4

2-
 complexes 

[76, 78]. When their concentration reaches the degree of supersaturation, a part of these growth 
units decompose to form ZnO nuclei, and the nucleation process is initiated. At last, the growth of 
the nuclei took place along the polar c-axis of the ZnO structure by means of the incorporation of 
growth units on the growth interfaces (0001), resulting  in ZnO nanostructures [78].  
In a typical solochemical synthesis, the precursor solution was prepared by dissolving an 
appropriate amount of zinc precursor in deionized water. The concentration of zinc precursor 
solution was kept below 0.6 M. The alkaline solution was obtained by dissolving a given quantity of 
sodium hydroxide (NaOH) in deionized water. This solution was then heated to a certain 
temperature ranging from 50 °C to 90 °C in a reactor until a clear solution was formed. Following, 
the zinc precursor solution was slowly injected into the hot alkaline solution under vigorous stirring. 
During this step, the injection of zinc solution does not considerably change the temperature of the 
reaction mixture. After injection, the previously transparent mixture acquires white coloring 
indicating the formation of ZnO nanocrystals. The heating and stirring of the mixture usually 
continue for 2 h, and the refluxing temperature is maintained at the same value chosen at the 
beginning of the reaction. Then, the product is filtered and washed with deionized water and dried 
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at low temperature for several hours. In order to systematically study the parameters affecting the 
solochemical synthesis of ZnO nanocrystals, different temperatures, kinds of zinc sources, duration 
of reaction, and concentration of the zinc precursor solution were investigated.  
Figure 2.1 shows the XRD patterns of the samples obtained by the solochemical reaction between 
sodium hydroxide and zinc chloride (ZnCl2) (Fig. 2.1(a)) or zinc nitrate hexahydrate (Zn(NO3)2·6H2O) 
(Fig. 2.1(b)) under the same experimental conditions. The reactions with both zinc precursors were 
performed at different temperatures (50 °C, 70 °C and 90 °C). All XRD patterns are similar and can 
be explained only by the hexagonal wurtzite structure (space group P63mc) of ZnO, reported in 
ICSD [82] card No. 57 450. These results indicate that even the samples synthesized at lower 
reaction temperature have a well-defined crystalline structure. The diffraction peaks of the ZnO 
samples obtained with both precursors at all reaction temperatures are considerably more 
broadened than those presented by bulk sample, which is a particular feature of nanometer-scale 
materials. 
 

 
 
FIGURE 2.1  
XRD patterns of the ZnO samples prepared with (a) zinc chloride and (b) zinc nitrate hexahydrate at different 
reaction temperatures: (a) 50 °C, (b) 70 °C and (c) 90 °C. Dummy pattern of the ICSD card No. 57 450 is also 
presented 

 
In order to study the morphology and the size of the ZnO nanocrystals, the samples obtained by 
solochemical method using zinc chloride and zinc nitrate hexahydrate were investigated by TEM 
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(Fig. 2.2). It can be clearly observed that the ZnO samples obtained at lower reaction temperatures 
(50 °C and 70 °C), with both precursors, have rod-like morphology. The TEM images show that 
these ZnO samples are usually composed of long and short nanorods. At 90 °C, the TEM images 
(Fig. 2.2(c) and 2.2(f)) show that the samples obtained with different zinc precursors present similar 
rounded morphology and are agglomerated (especially the one formed with zinc nitrate 
hexahydrate). 
The determination of longer and smaller sizes (defined as length and diameter, respectively) of the 
ZnO nanocrystals pointed out by TEM analysis was performed by measuring over more than 50 
nanoparticles of several TEM images. The larger average diameters of the ZnO samples produced 
with zinc nitrate haxahydrate and zinc chloride were obtained at 70 °C and 50 °C, respectively. It 
was found that the average diameters of the ZnO samples prepared with different precursors at 50 
°C do not differ considerably. This result was also observed for the samples produced at 90°C. On 
the other hand, at 70 °C the average diameter of the nanorods obtained with zinc nitrate 
hexahydrate is considerably higher than that formed with zinc chloride. The lengths of the particles 
synthesized at 50 °C and 70 °C are noteworthy and present average sizes above 160 nm for both 
zinc precursors. However, when the reaction is performed at a higher temperature, the average 
lengths of the ZnO samples are drastically reduced to 24 nm (zinc chloride) and 28 nm (zinc nitrate 
hexahydrate). 
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FIGURE 2.2  
TEM images of the ZnO nanocrystals prepared with (a, b and c) zinc chloride and (d, e and f) zinc nitrate 
hexahydrate at different reaction temperatures: (a and d) 50 °C, (b and e) 70 °C and (c and f) 90 °C 

 
Figure 2.3 shows the average aspect ratios (average length by average diameter) of the ZnO 
nanocrystals obtained with zinc nitrate hexahydrate (Fig. 2.3(a)) and zinc chloride (Fig. 2.3(b)) as a 
function of reaction temperature. The results indicate that the average aspect ratio decreases with 
the increase of the reaction temperature for the ZnO samples synthesized with NaOH and zinc 
chloride. For the materials produced with NaOH and zinc nitrate hexahydrate the average aspect 
ratio is remarkably higher at 70 °C than for those obtained at other reaction temperatures. 
However, the average aspect ratio has an abrupt reduction when the reaction is carried out at 90 
°C. As it can be seen in Figure 2.3, the average aspect ratios of the ZnO nanocrystals synthesized 
with zinc nitrate hexahydrate at 70 °C and 90 °C are greater than those formed with ZnCl2 under the 
same experimental conditions. 
 

 
 
FIGURE 2.3 
Average aspect ratios extracted from TEM images of the ZnO nanocrystals obtained with (a) zinc nitrate 
hexahydrate and (b) zinc chloride as a function of reaction temperature 
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Similar syntheses were carried out with identical experimental procedure using zinc chloride at a 
higher concentration than that used previously. However, the zinc solution concentration was kept 
below 0.6 M. The NaOH solution concentration was not changed. The samples synthesized with 
high zinc chloride concentration at different temperatures have similar X-ray diffraction patterns 
(Fig. 2.4) to those presented by ZnO samples obtained with lower ZnCl2 concentration (Fig. 2.1(a)). 
Therefore, all diffraction peaks can be indexed only to the hexagonal wurtzite ZnO structure with 
space group P63mc (ICSD

 
card No. 57 450). No peaks of any other phase were detected, which 

indicates the high purity of the ZnO samples obtained by the solochemical processing. 
 

 
 
FIGURE 2.4  
XRD patterns of the ZnO samples obtained with high zinc chloride concentration at different reaction 
temperatures: (a) 50 °C, (b) 70 °C and (c) 90 °C. Dummy pattern of the ICSD card no. 57 450 is also showed 

 
TEM images of the ZnO samples obtained at different temperatures using high zinc chloride 
concentration are shown in Figure 2.5. From the TEM analysis, the ZnO samples have 
predominantly rod-like morphology with no considerable variation in the particles shape when 
compared to the ZnO nanocrystals synthesized with smaller zinc chloride concentration (Fig. 2.2(a), 
2.2(b) and 2.2(c)). However, the nanorods obtained at 50 °C and 70 °C are shorter than those 
observed in the previous samples. 
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FIGURE 2.5  
TEM images of ZnO nanocrystals prepared with high zinc chloride concentration at different reaction 
temperatures: (a) 50 °C, (b) 70 °C and (c) 90 °C 

 
Figure 2.6 presents the average aspect ratios of the ZnO nanocrystals produced with different ZnCl2 
concentrations as a function of reaction temperature. It was observed that changing the zinc 
concentration affects significantly the size of the ZnO nanostructures, especially the length of the 
ZnO nanorods prepared at lower reaction temperatures. According to Figure 2.6, the average 
aspect ratios of the ZnO nanocrystals formed at lower zinc concentration are remarkably higher 
than those achieved at larger precursor concentration that applies mainly to the samples obtained 
at 50 °C and 70 °C.  
The reaction time was also modified during the solochemical synthesis performed with NaOH and 
high zinc chloride concentration. Here, the duration of the reactions was five times greater than 
that used in the previous experiments to obtain additional information about the final size and 
morphology of the ZnO nanocrystals. The reactions were carried out at 50 °C and 90 °C. The 
products have similar XRD patterns to those of the ZnO samples prepared with a shorter reaction 
time (Fig. 2.1(a) and Fig. 2.4), with no indication of impurities. Therefore, the X-ray diffraction 
patterns of these ZnO samples showed only the characteristic peaks of the hexagonal ZnO structure 
according to ICSD card No. 57 450. 
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FIGURE 2.6  
Average aspect ratios extracted from TEM images of the ZnO nanocrystals obtained with (a) low and (b) high 
zinc chloride concentration 

 
Further structural characterization of the ZnO samples obtained after a long reaction time was 
carried out using transmission electron microscopy. The TEM images are shown in Figure 2.7. 
Nanorods and rounded nanoparticles can be observed in these images. Therefore, the TEM analysis 
of the materials showed no relevant morphological difference compared to the ZnO nanostructures 
synthesized with a reaction time markedly smaller (Fig. 2.5(a) and 2.5(c)). The nanocrystals 
obtained at 50 °C present basically long and short nanorods (Fig. 2.7(a)) with an average diameter 
and length of about 21 nm and 74 nm, respectively. This result shows that this sample has almost 
half of length of the ZnO nanocrystals prepared at the same temperature within a much shorter 
reaction time. When the reaction temperature is increased to 90 °C, the obtained material presents 
a considerable reduction in size (Fig. 2.7(b1) and 2.7(b2)), but their average diameter and length are 
very similar to those of the sample obtained with 2 h of reaction. This ZnO sample has a reasonably 
narrow size distribution, as shown in the histograms of Figure 2.7(b1) and 2.7(b2), in contrast with 
the ZnO sample formed at 50 °C. These observations indicate that the reaction time mainly affects 
the length of the ZnO particles synthesized at low reaction temperature. 
 
Discussion 
 
Current experiments using different precursors (ZnCl2 and Zn(NO3)2.6H2O), proved the reaction 
temperature to be a critical factor to the formation of ZnO nanocrystals. The results presented 
above showed that the particle length is the most affected parameter in the solochemical 
processing. It was found that the average aspect ratio of the ZnO samples tends to decrease 
inversely to the increase of the reaction temperature for both the zinc precursors mentioned 
above.   Consequently, the morphology of the ZnO samples changed from nanorods to rounded 
nanoparticles. The average particle length also decreases when the syntheses were performed with 
a higher zinc chloride concentration, or when a long reaction time was applied. Figure 2.8 shows a 
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schematic growth diagram of the ZnO nanocrystals based on these experimental observations. 
Following, the effect of different parameters on the final size and formation mechanism of the ZnO 
nanostructures will be discussed. 
 
Effect of reaction temperature 
 
In order to understand the effect of temperature over the zinc oxide nanocrystals, the solochemical 
reactions were performed at 50 °C, 70 °C and 90 °C using sodium hydroxide and different zinc 
precursors, while other experimental parameters were kept unchanged. On the basis of TEM 
results, it was found that the reaction temperature affects the size of the ZnO nanocrystals 
produced. This implies that the reaction temperature had a noticeable influence on the formation 
mechanism of crystals in solution, changing the nucleation and/or the growth of the ZnO particles. 
 

 

 
 
FIGURE 2.7  
TEM images of ZnO nanocrystals prepared with zinc chloride at (a) 50 °C and (b) 90 °C during a reaction time of 
10 h. (b1) Diameter and (b2) length-size histograms obtained from TEM data of ZnO nanocrystals synthesized at 
90 °C are also shown 

 
The formation mechanism of crystals in solution mainly contains the formation of growth units and 
the incorporation of growth units into crystal lattice of the ZnO nanocrystals [83]. At the beginning 
of our synthesis process, the Zn(OH)2 clusters begin to develop immediately when a few drops of 
precursor solution (Zn(NO3)2.6H2O or ZnCl2) are added in the reactor containing the heated NaOH 
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solution. A high concentration of NaOH ensures proper and sufficient supply of OH
-
, which is 

required for the nucleation of ZnO. In an aqueous solution, the formed Zn(OH)2 clusters dissolve in 
Zn

2+
 and OH

-
 ions due to plenty of OH

-
 ions and thermal energy (while refluxing). Thus, Zn

2+
 ions 

and OH
-
 ions form the Zn(OH)4

2- 
complexes [79-81], that will act in part as the basic growth units of 

ZnO nuclei by the dehydration of OH
-
 ions [83]. When the concentration of these growth units 

exceeds the critical supersaturation level, the nucleation is expected to start [84]. Therefore, the 
growth units become ZnO nuclei spontaneously in the solution. The nucleation rate is strongly 
influenced by reaction temperature and is faster at higher temperatures [85-86]. The faster the 
nucleation rate, the smaller the resulting particle size [87-88].  
In this research, the smallest average particle sizes (length and diameter) were obtained in the 
syntheses performed at a higher reaction temperature with both precursors. Based on this result, 
we presume that in the solochemical reactions performed at 90 °C the nucleation rate is high and 
the formation of ZnO nuclei occurs at a faster rate. Consequently, a larger quantity of ZnO nuclei is 
formed which reduce the amount of growth units in the reaction medium [89-90]. 
The nucleation process is probably disrupted when the concentration of Zn

2+
 ions decreases in the 

solution [85, 87], and the particle growth is initiated. During the growth process, the incorporation 
of growth units into crystal lattice ceases quickly and the growth of ZnO particle is limited due to 
small amount of growth units in the reaction medium [89]. ZnO is a polar material and zinc and 
oxygen atoms are arranged alternatively along the c-axis, and the top surface is a Zn-terminated 

(0001) while the bottom surface is O-terminated (0001 ). From the crystal habit of wurtzite ZnO, it 

is well known that the growth rate of the different planes is reported to be (0001 )  > (1 01 1) >

(1010)  > (0001 ). In addition, the negative charged Zn(OH)4
2− 

complex ions are preferentially 
adsorbed onto the positive charged (0001) Zn face and subsequently dehydrate and enter into the 
ZnO crystal lattice. The growth rate along the [0001] direction is faster than those along other 
directions, and the more rapid the growth rate, the easier the disappearance of the plane [83, 91-
92]. Thus, in the solochemical reactions, the ZnO particles growth occurs preferentially along the c-
axis of wurtzite structure ([0001] direction) to form rod-like structures. Since the quantity of growth 
units is not enough to produce long nanorods, ZnO nanoparticles with a small final size are 
produced at 90 °C with both zinc precursors studied, as shown by TEM results (Fig. 2.2(c) and 2.2(f)) 
and in the schematic growth diagram (Fig. 2.8(a)). Similar observations were made by Wang and 
Muhammed [88] and Zhang et al. [93] in ZnO nanostructures obtained at low Zn

2+
 concentration 

and at a high pH value, respectively. 
 

 
 
FIGURE 2.8  
Schematic representation of growth mechanism of ZnO nanocrystals obtained at (a) high and (b) low 
temperature (T) or zinc chloride concentration (C), and (c) after 10 h of reaction 
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By contrast, in the syntheses performed at lower temperatures (50 °C and 70 °C) the nucleation 
process is slow and few nuclei are formed during the solochemical reaction. Reducing the amount 
of Zn

2+
 ions in the solution, possibly disrupt the formation of new nuclei. Consequently, the large 

amount of residual growth units, not converted in ZnO nuclei, was used for the growth of those 
relatively few nuclei formed. As a result, the particle growth along the [0001] direction was 
improved and the high aspect ratio ZnO nanorods predominated in the lower reaction 
temperatures for both precursors, as observed in the TEM results (Fig. 2.2(a), 2.2(b), 2.2(d) and 
2.2(e)) and showed in Figure 2.8(b). 
 
Effect of zinc precursor 
 
The experimental results revealed that the type of zinc source also affects the size of the ZnO 
nanocrystals produced by the solochemical processing. Two different precursors were employed to 
synthesize ZnO: Zn(NO3)2⋅6H2O and ZnCl2. It was found that the morphology of the ZnO samples 
prepared with both zinc precursors was similar at all reaction temperatures studied. However, the 
average aspect ratios of ZnO nanocrystals synthesized with zinc nitrate hexahydrate at 70 °C and 90 
°C are larger than those formed with ZnCl2 under the same experimental conditions as it can be 
observed in Figure 2.3. This difference in the particle sizes can be attributed to the Cl

-
 ion that 

adsorbs more strongly on the positive polar face of the (0001) surface of the wurtzite structure of 
ZnO than nitrate ions, which exhibit very weak surface interaction [94].  
At the beginning of the solochemical reactions, the grow units (Zn(OH)4

2-
 complexes) in the solution 

near the ZnO crystal are probably adsorbed on the positive charged (0001) Zn face, resulting in 
faster growth along the [0001] direction. When zinc chloride is used in the reactions performed at 
70 °C and 90 °C, the negative ions in the solution are adsorbed preferentially on the positive polar 
plane (0001), which hinders the incorporation of the growth units onto this surface [95-96]. Thus, 
the crystal growth along the c-axis of ZnO structure is considerably suppressed, leading to particles 
with smaller sizes than those prepared with zinc nitrate hexahydrate.  
 
Effect of zinc concentration 
 
In this study, the experimental procedure was performed at different zinc chloride  concentrations 
(below 0.6 M) in order to examine the function of zinc concentration in the solochemical reactions, 
while other parameters were left unchanged. According to Figure 2.6, the nanocrystals sizes were 
different when zinc chloride solutions of different concentrations were used, indicating that the 
precursor concentration had a strong effect on the ZnO formation. The results showed a reduction 
in the particle length of the ZnO nanocrystals alongside with the increase of the precursor 
concentration, which particularly affected the samples synthesized at 50 °C and 70 °C. Changes in 
the [ZnCl2]/[NaOH] ratio had lower influence on the average diameter of the ZnO nanocrystals, 
which slightly augmented with the increase in zinc concentration. 
At the beginning of the reactions with low zinc concentration, due to the decomposition of ZnCl2 
and NaOH, the concentrations of Zn

2+
 and OH

-
 ions increased in the reaction medium. However, the 

ratio of Zn
2+

 to OH
- 
ions was possibly low in the solution due to the small amount of zinc chloride 

used in these experiments. As a result, the pH value of the solutions was high (~14) and it did not 
change during the solochemical reactions. A low Zn

2+
/OH

-
 ratio favors the growth of particles with 

large aspect ratios [97]. Moreover, the pH controls the rate of ZnO formation and, therefore, it also 
affects the particle size [98]. When the pH value of the solution is high, the nucleation rate is slow, 
resulting in a faster growth rate [13]. Thus, when the solochemical reactions were performed with 
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low ZnCl2 concentration in a strong alkaline aqueous medium, few nuclei were formed and the 
growth rate was fast due to a large amount of residual growth units in the solution. Therefore, for 
the reactions with low Zn

2+
/OH

−
 ratio, long ZnO nanorods with large average aspect ratios were 

achieved, as observed in the TEM results (Fig. 2.2(a) and 2.2(b)) and in the schematic growth 
diagram (Fig. 2.8(b)). These observations are similar to the results of other works [92-93, 99-100]. 
In contrast, syntheses having increased amounts of zinc chloride formed shorter ZnO particles than 
the previous samples. In these reactions, the increase of precursor concentration probably caused 
the raise of Zn

2+
/OH

−
 ratio. Li et al. [99] reported that for the reaction carried out with high 

Zn
2+

/OH
−
 ratio, the nucleation rate is relatively fast, and the product have smaller size than that 

obtained from lower Zn
2+

/OH
−
 ratio. According to Li et al. [87], the bigger the concentration of 

precursor, the smaller the resulting particle size is. Thus, when the solochemical reactions were 
performed with higher zinc chloride concentration, the particle formation was dominated by the 
production of many ZnO nuclei. After the nucleation process, the addition of growth units to the 
formed nuclei ceased quickly due to the small amount of growth units available in the solution [89]. 
As a result, shorter nanorods with low average aspect ratio were obtained in these solochemical 
reactions, as observed in the TEM results (Fig. 2.5 (a) and 2.5(b)) and showed in Figure 2.8(a). 
It can also be seen from Figure 2.6 that the samples synthesized at 90 °C presented the lowest 
average aspect ratios, and the zinc concentrations did not considerably affect their particle sizes. 
According to Sheng et al. [92], with the increase of the reaction temperature, the release of Zn

2+
 

ions is improved by the decrease of thermostabilization of the zinc complex. Hence, the nucleation 
rate was high even for the solochemical synthesis carried out with low zinc concentration at 90 °C, 
possibly due to the increase of Zn

2+
/OH

−
 ratio caused by higher release of Zn

2+
 ions from the 

Zn(OH)4
2- 

complexes at high temperature. This result indicates that the formation mechanism of the 
ZnO nanocrystals synthesized at 90 °C was mainly determined by the temperature, and it had little 
influence of the amount of zinc chloride used in the reactions.  
 
Effect of reaction time 
 
After injection of zinc chloride solution into the reactor containing the heated alkaline solution, the 
mixture was stirred at different reaction times (2 h and 10 h) under reflux, while other parameters 
were kept unchanged. It was found that the average size (diameter and length) of ZnO nanorods 
prepared at 50 °C decreases with an increase in reaction time, which is especially true of their 
average lengths that were reduced from 155 nm to 74 nm. Nevertheless, the ZnO samples 
prepared at 2 h and 10 h in the synthesis carried out at 90 °C, showed no significant difference in 
their average diameters and lengths, which indicates that no further decrease in the ZnO particles 
size was observed above 2 h of reaction. It can be noticed from these observations that the 
reaction period is an important factor to control the size of the ZnO nanorods synthesized by the 
solochemical technique at a low temperature. The samples synthesized at 50 °C and 90 °C in a long 
reaction time (Fig. 2.7(a) and 2.7(b)), showed no considerable change in the particle morphology 
compared to those prepared with 2 h of reaction (Fig. 2.5(a) and 2.5(c)). 
As it can be seen, the period in which the particles remain in the reaction media affects the size of 
the nanostructures obtained at 50 °C. This remark can be explained taking into account the 
formation mechanism of ZnO nanostructure in the solution. In the first stage of the growth process, 
Zn

2+
 ions react with the OH

- 
ions to produce Zn(OH)4

2- 
complexes. Then, the thermal decomposition 

of these complexes in solution leads to the production of ZnO structures. Simultaneously, ZnO can 
also dissolve according to the reaction 1 as the chemical equilibrium shifts toward the left [101].  
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Zn(OH)4
2-

  ZnO + H2O + 2OH
-
       (1) 

 
At the beginning of the reaction, the growth of ZnO is dominant due to high concentration of 
Zn(OH)4

2- 
complexes in the solution. As a result, long ZnO nanorods were obtained at 50 °C with 2 h 

of reaction (Fig. 2.8(b)). When the synthesis is performed during a long period, the concentration of 
the growth units is drastically reduced with the progress of the reaction. Moreover, at 50 °C, the 
decomposition reaction of the Zn(OH)4

2- 
complexes to form ZnO is almost interrupted due to low 

reaction temperature [102]. Thus, the reduction in the amount of growth units associated with the 
low temperature of the solochemical synthesis makes the dissolution process of ZnO more 
dominant in a long reaction time (Fig. 2.8(c)). In this case, the dissolution occurs preferentially on 
the positive polar face of the (0001) surface, leading to the formation of shorter ZnO nanorods than 
those produced in a few hours of reaction. 
 
 

Polyol Method 
 
For the past decades, the development of synthetic routes for obtaining Gd2O3 nanoparticles has 
been a subject of intense study and research given the technological and industrial significance of 
this material. It has been shown that the successful synthesis of these nanostructures can be 
achieved by several chemical processes for their low cost and reliability. Among the various 
chemical methods for fabrication of Gd2O3 nanoparticles, the polyol method is of particular interest 
because of its simplicity, versatility, and for being an environmentally friendly option [103]. This 
route is cost-effective and viable for large-scale production of Gd2O3 nanostructures if compared 
with other techniques that use complex equipment and numerous processing steps [68, 104-105]. 
The polyol method was first used to prepare elemental metals and alloys, in which the reducing 
properties of a high boiling point poly-alcohol (polyol) towards a suitable inorganic precursor were 
utilized [68]. This technique can also be adjusted by the addition of water to the reaction medium, 
which inhibits the reduction reaction, allowing oxide nanoparticles of several compounds to be 
obtained [106]. When water is used in the solution, forced hydrolysis and inorganic polymerization 
are carried out on the precursor salts dissolved in a polyol medium [106-107]. The hydrolysis 
reaction in this processing is remarkably fast due to the heating of the reaction mixture at high 
temperature (near the boiling point of polyol), which contributes to the formation of the oxides 
[108]. The structure and properties of the products obtained by polyol method depend mainly 
upon the hydrolysis ratio (defined by the water/precursor molar ratio), and reaction temperature 
[68, 107-109]. 
Typical choices of polyols include ethylene glycol, propylene glycol, and diethylene glycol (DEG) 
[109]. The poly-alcohols act as the solvent of the precursor salts due to its high relative permittivity 
[110]. They can also be the reducing agent and, in some cases, even a complexing agent [110] of 
said precursors. The precursor salts are suspended in the liquid polyol, in which the solids may be 
remarkably, or slightly soluble [111]. The resulting mixture is stirred and heated to a large 
temperature range up to the boiling point of the polyols [69-70] producing well-crystallized oxide 
nanoparticles [106-107, 112]. 
It must be added that the liquid polyol can act as a protective agent that avoids particles 
agglomeration and growth, which is the fundamental feature of the polyol method [67, 113]. The 
size and morphology of the nanomaterials can also be controlled by manipulating various 
experimental parameters such as nature and concentration of precursor, hydrolysis ratio, nature 
and concentration of polyol, pH of solution, reaction time, and temperature [110, 114-115]. In the 
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case of lanthanide oxide nanoparticles, it was found that the OH
-
 concentration of the starting 

solution must not be too high in order to reduce the possibility of lanthanide hydroxide formation 
[116-119]. On the other hand, low OH

-
 concentrations cause low reaction yields [120].  

In the polyol process, the nucleation event occurs when the concentration of the chemical species 
produced during the reaction is increased quickly to the critical supersaturation level, allowing the 
immediate formation of nuclei [109]. The reaction temperature determines the nucleation rate that 
is, in turn, faster at higher temperatures [85-86]. The rapid formation of nuclei leads to a drop of 
the precursor concentration in the reaction medium. Consequently, the nucleation process is 
disrupted and the growth of particles is started from the formed nuclei. Given that the polyol itself 
can limit the growth process of the particles, the formation of materials at nanoscale is favored. 
Generally, when the nucleation and growth processes are well-controlled, the products obtained by 
polyol method consist of non-agglomerated and spherical particles with a narrow size distribution 
[109]. Therefore, this approach appears to be a versatile route to produce different materials in a 
wider variety of sizes.  
Here, gadolinium oxide nanoparticles were obtained by direct precipitation in a high boiling point 
alcohol using diethylene glycol. In a typical synthesis, appropriate quantity of gadolinium nitrate 
hexahydrate (Gd(NO3)3

.
6H2O) is added to diethylene glycol and then the mixture is heated to 100 °C 

for complete dissolution of the gadolinium precursor. After a clear solution is formed under 
vigorous magnetic stirring, a sufficient volume of NaOH aqueous solution of high basicity is added 
into the reactor containing the precursor. The emerging suspension is heated up to 140 °C for 1 h. 
Then, the mixture is heated up to 170 °C and maintained at this temperature for 4 hours. After the 
reaction is completed, the suspension is processed by centrifugation, washing using methanol, and 
drying at vacuum oven in order to obtain the amorphous powder product (sample A). Subsequent 
calcination of this product was made at high temperatures for 5 h to produce Gd2O3 nanoparticles. 
The additional thermal treatments for the sample A were carried out at 850 °C (sample B) and 900 
°C (sample C). 
Figure 2.9 shows the XRD patterns of the material obtained by polyol route before and after 
calcination at 850 °C and 900 °C. Figure 2.9(a) shows that before the thermal treatment, sample A is 
predominantly amorphous. Only the very broad (222) peak, due to Gd2O3 crystals, can be observed 
in the XRD pattern. After thermal treatment at 850 °C and 900 °C, the diffraction peaks (Fig. 2.9(b) 
and 2.9(c)) become sharp and prominent which indicate the improvement of material crystallinity. 
The calcined samples have similar XRD patterns and all diffraction peaks can be indexed to the 
cubic phase of Gd2O3 with space group Ia3 (ICSD card No. 40 473). Since no extra diffraction peaks 
were observed in the XRD patterns of samples B and C, it is concluded that pure Gd2O3 structures 
were synthesized through this simple polyol method after thermal treatment. 
The diffraction peaks of Gd2O3 samples obtained after calcination have significant line broadening, 
which indicates that the crystal sizes are most likely in the nanometer range. Making use of the 
most prominent characteristic (222) peak, the average crystallite size of the calcined samples is 
estimated using the Scherrer’s equation (D = k.λ / β.cosθ, k = 0.99 for spherical particles) [121-122]. 
It was confirmed that the average crystallite sizes of the Gd2O3 samples calcined at 850 °C and 900 
°C indeed lie in the nanometer range and are about 25 nm and 36 nm, respectively. These results 
show that the average crystallite size of the gadolinium oxide nanocrystals increases with a rise in 
calcination temperature. 
The TEM images of the Gd2O3 nanocrystals prepared by the polyol method before and after heat 
treatment at different temperatures are shown in Figure 2.10. The TEM image of the material 
obtained before calcination shows some rounded particles with a considerable degree of 
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agglomeration. After thermal treatment of sample A, quasi-spherical Gd2O3 nanoparticles of nearly 
uniform size were observed in the TEM images (Fig. 2.10(b) and 2.10(c)).  
In order to quantify the size of the Gd2O3 nanocrystals pointed out by TEM analysis, over 50 
particles of several TEM images were measured. The average diameter of the Gd2O3 nanocrystals 
obtained after calcination at 850 °C is about 24 nm and the sample's size ranges between 18 nm 
and 31 nm. The Gd2O3 particles formed after thermal treatment at 900 °C presented a size ranging 
from 20 nm to 46 nm and an average diameter of around 31 nm. The results show that the average 
particle size tends to increase with the rise of the calcination temperature. These findings are in 
good agreement with the average crystallite sizes calculated from the XRD data. The average sizes 
obtained in this study are larger than those previously reported average diameters for the synthesis 
of Gd2O3 nanoparticles using the polyol method with DEG [119, 123-125]. The selected area 
electron diffraction (SAED) pattern (Fig. 2.10(d)) suggests that the Gd2O3 nanostructures obtained 
after calcination at 900 °C are crystalline in nature. 
 

 
 
FIGURE 2.9  
XRD patterns of Gd2O3 samples prepared by the polyol method (a) before and after thermal treatment at (b) 
850 °C and (c) 900 °C. Dummy pattern of the ICSD card No. 40 473 is also presented 
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FIGURE 2.10  
TEM images of Gd2O3 nanocrystals (a) before and after thermal treatment at (b) 850 °C and (c) 900 °C; (d) 
Selected area electron diffraction (SAED) pattern recorded from the Gd2O3 nanoparticles obtained after 
calcination at 900 °C 

 
 

Sol-gel Process 
 
Among the various chemical routes, the sol-gel method is the most used procedure in the 
preparation of glasses and ceramics [126]. The sol-gel method produces a wide variety of inorganic 
oxide materials with interesting properties, and it has also proved to be a viable technique for the 
synthesis of various oxide nanomaterials [127-130]. The sol-gel process can be used under mild 
reaction conditions and it allows for the obtaining of products of various sizes and shapes 
(monoliths, films, fibers, powder, spheres) [126, 129, 131]. The sol-gel technique has many 
advantages such as process simplicity, high stability, better homogeneity, high purity, stoichiometry 
control, and low processing temperature [126, 132-134]. However, some disadvantages include the 
high cost of the starting materials, and the formation of generally amorphous products, which 
require subsequent thermal treatments at high temperatures to prompt the crystallization process 
[134-135].  
In the aqueous sol-gel process, the conversion of a precursor solution into an inorganic solid is 
triggered by water [136]. In general, the precursor or starting compound is either an inorganic 
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metal salt, or a metal organic compound such as an alkoxide. Metal organic compound is the most 
extensively used precursor in sol-gel reactions once it reacts readily with water [137-138]. The 
choice for alkoxides was due to their ability to control the hydrolysis rate with the addition of 
alcohols [129]. The reaction can be catalyzed with the addition of either an acid or a base in the 
solution [129].  
The general principles of sol-gel process have been extensively studied and describes in the 
literature [126, 134, 139]. In general, the sol-gel method involves the following main stages [139]: i) 
formation of a homogeneous solution through the dissolution of metal organic compounds in an 
organic solvent, or by the dissolution of inorganic metal salts in water; ii) conversion of the 
homogeneous solution into a sol, which can be defined as a colloidal suspension of solid particles 
(with diameters of 1-100 nm [140]) in a liquid phase; iii) gelation; iv) aging; v) drying; and vi) 
thermal treatment.  
The first two stages in the sol-gel processing consist in manufacturing networks of inorganic 
elements, which are obtained through a chemical process that starts from a hydrolysis reaction of 
precursors, and continues through condensation reactions. Said process would result in a 
homogeneous colloidal dispersion with low viscosity called sol [141]. Throughout this step, 
different parameters affect the hydrolysis rate. Such parameters are: temperature, nature and 
concentration of the precursor, pH value, and type of solvent used in the sol-gel reaction [129]. The 
pH value of the sol alters substantially the structure of the particles and the properties of the 
formed materials, once it influences the hydrolysis and condensation reactions [142].  
As the hydrolysis and condensation reactions continue, the colloidal particles (sol) link together 
resulting in gelation, and forming a structure with macroscopic size called gel [136]. During this 
stage, there is a remarkable increase in the viscosity of the solution as the sol is transformed into a 
gel [143]. The time for gelation is dependent on the precursor concentration and the structure of 
the alcohol used [129]. The gel is an interconnected, rigid, and porous polymeric network enclosing 
a continuous liquid phase [144].  
In the aging step, the structure and properties of the gel network continue to be modified, leading 
to variation in the pH value at the liquid phase, which probably influences the gelation process 
[145]. Aging consists in the contraction of the gel network and expulsion of liquid (solvent and 
water) from the gel pores to allow further solidification [146]. During this process, the 
polycondensation reactions continue to occur, transforming the gel into a cross-linked structure. At 
this stage, parameters such as time, solvent, type of aged sol-gel, and pH value affect the size and 
crystal structure of the formed nanoparticles [145-146]. The temperature also influences the aging 
step. At lower temperatures, the resulting gel is more flexible, but at higher temperatures, the 
condensation reactions are very fast, making the gel structure more rigid [129]. 
Another important step in the sol-gel processing is the drying, when hydrolysis and gelation may 
also occur [145]. Drying of the gel consists on the final removal of the liquid phase from the 
interconnected pore network [147]. This stage involves various processes, such as evaporation of 
water occluded into the gel, solvent evaporation, elimination of organic residues, and structural 
and micro-structural changes [148]. Large stresses can develop during this phase, which may cause 
the crack of the gel if the drying process is not controlled [144]. Several techniques have been 
developed to prevent collapse of the network, including supercritical drying [143]. In this case, the 
liquid is removed as a gas phase from the interconnected solid gel network under supercritical 
conditions, reducing thus the stresses and producing an aerogel [129]. When the gel is dried at, or 
near ambient conditions it turns into a solid known as xerogel [147].  
The dried xerogel or aerogel should be thermally converted into a more active and stable solid 
phase [136]. During the thermal treatment (annealing, sintering, and/or calcination), the materials 
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are subjected to high temperatures [145], which generates modifications in the geometry and 
crystal structure of the materials [146, 149]. When the materials are thermal treated, the alkyl and 
hydroxyl groups are removed, resulting in additional shrinkage of the solid matter [146]. In general, 
high calcination temperature and a long thermal treatment time produce a material with a perfect 
crystal structure, high crystallinity, and larger particle size [145].  
Therefore, the sol-gel method is a very interesting solution-based synthetic technique for the low-
temperature preparation of oxide nanomaterials. Under controlled preparation conditions, 
depending on the nature of the precursors, the use of surfactants, acid or base catalysis, and the 
water/precursor and cosolvent/precursor ratios, nanocrystalline products with high purity level can 
be produced [150-151].   
The sol-gel technique has been widely applied for preparing titanium dioxide (TiO2) nanoparticles 
due to the fact that this processing allows an easy control of the hydrolysis and condensation 
reactions [131, 152]. In a typical sol-gel synthesis of titanium dioxide nanoparticles [153], a given 
amount of deionized water was dissolved in dry ethanol (C2H5OH) to form an aqueous solution. This 
solution was heated while stirred inside a reactor. Once the aqueous solution reached the desired 
reaction temperature (80 °C), the precursor solution prepared with Ti(OC2H5)4 (titanium ethoxide) 
and dry ethanol was slowly transferred to the reactor. During this step, no significant change in the 
temperature was observed. After injection, the previously transparent mixture acquires white 
coloring indicating the formation of TiO2 nanostructures. The resulting mixture was stirred for 2 h 
and the refluxing temperature was kept at the same value chosen at the beginning of the reaction. 
The product was filtered and washed with deionized water, and then dried at 90 °C for several 
hours in order to obtain the amorphous product. Two different samples will be formed using this 
procedure by changing the hydrolysis ratio (r = [H2O]/[Ti(OR)4]) of the process. The water/alkoxide 
ratios used in these syntheses were r = 15 (A-TiO2 sample), and r = 100 (B-TiO2 sample). Subsequent 
calcination of the samples was made at 500 °C for different hours to form the TiO2 nanoparticles. 
TiO2 nanostructures have been successfully formed through the hydrolysis and condensation 
reactions of titanium ethoxide in the aqueous media. In the presence of water, the alcoxide is 
hydrolyzed and subsequently polymerized to form a interconnected oxide network. According to 
the literature [154], these reactions can be schematically represented as follows:  
 

Ti(OC2H5)4 + 4 H2O  Ti(OH)4 + 4 C2H5OH  (hydrolysis)    (2) 
 

Ti(OH)4  TiO2 (s) + 2 H2O (condensation)      (3) 
 
The hydrolysis reaction has four possible intermediate steps that are: 
 

Ti(OC2H5)4 + H2O  Ti(OC2H5)3(OH) + C2H5OH     (4) 
  

Ti(OC2H5)3(OH) + H2O  Ti(OC2H5)2(OH)2 + C2H5OH     (5)  
 

Ti(OC2H5)2(OH)2 + H2O  Ti(O C2H5)(OH)3 + C2H5OH     (6)  
 

Ti(OC2H5)(OH)3 + H2O  Ti(OH)4 + C2H5OH      (7) 
 
The condensation reaction moves forward through a water (Eq. 8), or alcohol (Eq. 9) elimination 
reaction. 
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Ti-OH + HO-Ti  Ti-O-Ti + H2O       (8) 
 

Ti-OC2H5 + HO-Ti  Ti-O-Ti + C2H5OH       (9)  
 
Thus, the reaction of TiO2 formation is initiated by hydrolysis of the alkoxide, in which the -OC2H5 
group is replaced via the nucleophilic attack of the oxygen atom of a water molecule, with the 
transfer of a proton from water to the alkoxide group, under release of the resulting alcohol 
molecule (C2H5OH) [136, 155]. In the second step, the condensation reaction brings together the 
constituent particles of the gel into a solid mass, thereby forming the metal oxide material [156]. 
After gelation, the formed product is dried and calcined so as to remove the organic molecules 
from the final TiO2 and complete the crystallization process.  
Figure 2.11 shows the XRD patterns of the A-TiO2 sample prepared with a hydrolysis ratio of r = 15 
before and after thermal treatment at 500 °C during 1 h, 3 h and 6 h. The XRD pattern (Fig. 2.11(a)) 
shows that before thermal treatment the A-TiO2 sample is amorphous. Upon being calcined for 1 h, 
the product became crystalline and was found to consist of anatase phase (ICSD card No. 94 566) 
with a small diffraction peak at 30.8° corresponding to the brookite phase of TiO2 [157] (Fig. 
2.11(b)). The XRD patterns of the A-TiO2 sample calcined during 3 h and 6 h (Fig. 2.11(c) and 
2.11(d)) show that all diffraction peaks can be explained only by the anatase phase of TiO2. Figure 
2.11 shows that the calcination time considerably improves the crystallinity of the material. 
 

 
 
FIGURE 2.11  
XRD patterns of the A-TiO2 sample prepared with r = 15 by sol-gel process (a) before and after thermal 
treatment for (b) 1 h, (c) 3 h and (d) 6 h [153]. Dummy pattern of the ICSD card No. 94 566 is also presented 

 
The XRD patterns of the B-TiO2 sample prepared using r = 100 before and after heat treatment at 
different times are shown in Figure 2.12. For this hydrolysis ratio value, all XRD patterns of the 
samples calcined at different times (Fig. 2.12(b), 2.12(c) and 2.12(d)) are similar and can be indexed 
only by the anatase phase of TiO2 (ICSD card No. 94 566). Therefore, the XRD results of the A-TiO2 
and B-TiO2 samples indicate that the water/alkoxide ratio and calcination time have significant 
effects on the crystalline phase of TiO2 prepared by the sol-gel method. 
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FIGURE 2.12  
XRD patterns of the B-TiO2 sample prepared using r = 100 by sol-gel method (a) before and after calcination 
for (b) 1 h, (c) 3 h and (d) 6 h [153]. Dummy pattern of the ICSD card No. 94 566 is also presented 

 
The XRD patterns of the A-TiO2 and B-TiO2 samples, obtained at different hydrolysis ratios, were 
refined by Rietveld method considering the anisotropic model for determination of crystallite sizes 
using GSAS formalism [158-159]. In this model, each crystallite is regarded as having its own lattice 
parameters, with multidimensional distribution throughout the powder sample. The width of each 
reflection can be expressed in terms of moments of this distribution, which leads naturally to 
parameters that can be varied to achieve optimal fits, as shown in Figure 2.13(a) and 2.13(b) for the 
A-TiO2 and B-TiO2 samples, respectively. 
 

 
 
FIGURE 2.13  
Experimental (black lines) and calculated (red lines) XRD patterns of the (a) A-TiO2 and (b) B-TiO2 samples 
produced by the sol-gel method before and after calcination at different times; gray lines represent the 
difference between experimental and calculated patterns [153] 
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The average crystallite sizes obtained from Rietveld analysis for the A-TiO2 sample calcined at 3 h 
and 6 h were 16.27 nm and 18.74 nm [153], respectively. The average crystallite sizes of the sample 
synthesized with a higher hydrolysis ratio and then heat treated for 3 h and 6 h showed no 
significant differences with respect to A-TiO2 sample (17.53 nm and 20.02 nm [153], respectively). 
These results show that the average crystallite size rises with increasing calcination time. 
The TEM images and the select area electron diffraction (SAED) pattern of the A-TiO2 sample, 
prepared by sol-gel process before and after calcination for 6 h, are shown in Figure 2.14. The TEM 
image of the calcined sample (Fig. 2.14(b)) indicates that the TiO2 nanoparticles are almost 
spherical in shape. From the TEM analysis, the near spherical particles have an estimated average 
diameter of about 14 nm. This result is in good agreement with the average crystallite size of the A-
TiO2 sample determined by Rietveld analyses. The SAED image suggests a high crystalline nature of 
the TiO2

 
nanoparticles prepared by sol-gel process after thermal treatment for 6 h (Fig. 2.14(b1)). 

 

 
 
FIGURE 2.14  
TEM images of the TiO2 nanoparticles obtained (a) before and after thermal treatment at 500 °C for (b) 6 h; 
(b1) SAED pattern of the A-TiO2 sample obtained after calcination at 500 °C for 6 h is also shown [153] 

 
 

Conclusion  
 
In this chapter,  simple, fast, and cost-effective methods to synthesize different nanomaterials with 
a very high level of chemical purity have been presented. Zinc oxide nanocrystals were produced by 
the solochemical processing under mild reaction conditions. The ZnO nanostructures were 
prepared with no pretreatment of the reactants and no calcination process after the drying step of 
the samples. Moreover, no surfactant, capping agent, or other additives were added into the 
reaction medium. Controllable growth of ZnO nanocrystals is feasible by using different kinds of 
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zinc sources, temperatures, precursor concentrations, and reaction times. It was revealed by TEM 
analysis that ZnO nanocrystals presented predominantly rod-like morphology and large aspect ratio 
when the reactions were performed at 50 °C and 70 °C, with both zinc precursors. Higher average 
size ratios were also obtained using a lower zinc chloride concentration (50 °C and 70 °C) as well as 
when a shorter reaction time was applied (50 °C). At 90 °C, the ZnO samples presented the smallest 
average size (diameter and length) and a rounded shape for all reactions conditions studied.  
Gd2O3 nanoparticles were successfully prepared through a facile polyol technique and subsequent 
calcination process. This simple method has been demonstrated as an economical and effective 
technique for the synthesis of Gd2O3 nanostructures. The Gd2O3 nanoparticles showed 
predominantly spherical morphology for both calcination temperatures studied (850 °C and 900 
°C). Besides, the calcination temperature has been found to play a crucial role in tuning the size of 
the Gd2O3 nanoparticles. The TEM analysis showed that after thermal treatment, the Gd2O3 

samples' size increased as the calcination temperature increased.  
Finally, the sol-gel method described in the present chapter has been successfully used to 
synthesize titanium dioxide nanoparticles. This technique proved to be a convenient synthetic 
route for production of TiO2 nanostructures in terms of cost, ease of handling, reliability, and mild 
reaction conditions. By varying the reaction conditions, such as hydrolysis ratio and/or calcination 
time, it is possible to obtain anatase or brookite (A-TiO2 sample calcined for 1 h) phase of TiO2. 
Moreover, the Rietveld analysis showed that the average crystallite size is affected by the 
calcination time, and it rises with increasing heat treatment time. It was revealed by TEM results 
that the TiO2 sample obtained after thermal treatment at 500 °C for 6 h has almost spherical shape 
with an average diameter of about 14 nm.  
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