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Introduction 

 

The purpose of this thesis is to synthesis by sol gel method oxide materials of 

scientific interest with properties exploited different applications. 

Glass is one of the oldest material, a long time being used only for decorative 

purposes, but areas where the glasses found their applicability has expanded considerably 

with the technological progress and theoretical concepts. In recent years new applications 

have emerged (lasers, fiber optics, semiconductor devices, photosensitive storage of 

radioactive waste, etc...) in different fields (construction, transportation, lighting, etc...) 

where this class of materials bring original solutions besides the classical applications, in 

which glasses are indispensable to a modern economy. To extend as far as the 

applicability scope of oxide materials with vitreous structure should be investigate their 

structures, a determining factor in material properties. Vitreous materials or glasses are 

non-crystalline materials obtained by different methods, whose main characteristic is the 

absence of long-distance order. In terms of local order include the full range of vitreous 

material between the amorphous ones, characterized by an extremely broad distribution 

of the fundamental structural unit and ceramic materials obtained by partial 

characterization of glasses and where can be find both features of the vitreous and 

polycrystalline materials. To understand and control the properties of different glassy 

materials whose application areas are in constant development, great importance is the 

knowledge of the local structure in such disordered systems, the way in which different 

technological factors that intervene in their production process influences the type, 

structure and share the various structural units whose chaotic interconnection make the 

vitreous network. 

Silicon has many industrial applications as the main component of most 

semiconductor devices, the most important being integrated circuits and microchips. 

Silicon is widely used in semiconductors because it remains semiconducting at higher 

temperatures than germanium-based semiconductors and because the oxide is obtained 

easily and form of semiconductor/dielectric interfaces better than other combinations of 

materials. 
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SiO2 natural oxide of silicon, is of great interest in microelectronics, as a superior 

insulator with high thermal and chemical stability [1, 2] and is the largest component of 

glass, or silicates, quartz being the most representative. It is used in various fields, from 

the manufacture of paints, varnishes, adhesives, art, the semiconductor industry, in 

pharmaceuticals, cosmetics, food or the particular layers of pigment in paper production. 

It has also a great importance in the glass, lens optical devices as electrically insulating, 

laboratory quartz glass is almost indispensable. Silicate glasses obtained by sol-gel is a 

promising alternative in the production of new medical devices with specific properties, 

their advantage is the high degree of purity, high specific surface and high homogeneity, 

the presence of hydroxyl groups and high degree of porosity leading to high reactivity . 

GeO2 glass is used to obtain glasses in a new range of applications especially as 

part of the optical semiconductor devices for integrated circuits and transistors. Because 

of relatively high refractive index and its optical dispersion properties is used as material 

for optical lenses optical microscopes objectives. 

Silicate and germanate glasses are among the most studied oxide glasses and are 

considered classics glasses, the both network formers have a similar structure despite 

differences between the bonds length and angles between them and also for the relative 

size of germanium atoms to those of silicon. 

There were intensely studied glasses and vitroceramics belonging to the SiO2-

M2O  (M=Li, Na, K), SiO2-MO (M=Be, Mg, Ca, Sr, Ba), SiO2-M2O3 (M=B, Al, Ga), 

SiO2-MO2 (M=Ti, Zr, Sn) and SiO2-M2O5 (M=P, Bi) binary systems. But there are only 

few studies on non-crystalline and partially crystalline materials belonging to the SiO2-

GeO2 system probably due to the difficulties in preparing the glasses belonging to this 

system by the classical method, especially in areas with high concentration of 

germanium. The system consists of the two oxides is recognized as a distinct properties 

including strength, purity and economic accessibility in obtaining new optical properties 

for optical waveguides and other applications. In the case of SiO2 and GeO2, it was 

observed that the gradual replacement of silicon dioxide with germanium dioxide or other 

oxides, in various types of glass, increase their refractive index. To obtain such devices is 

needed but full characterization of the structural and optical properties of materials. 
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Although silica-germanate glasses have been extensively studied in the literature 

are important disagreements and conflicting data, important details of structure and 

composition remain unclear [1-7]. 

The sol-gel materials can be prepared at low temperature with high purity and 

homogeneity; the possibility of obtaining non-crystalline materials with controlled 

structure and composition have made the sol-gel process a possible encapsulation 

technique for therapeutic applications of isotopes. 

High porosity and surface area associated with the typical structure of xerogel 

produced by this method allows obtaining materials with active surfaces and different 

rates of degradation. Spray drying of sol allows to obtain microspheres with desired size. 

The thesis is structured in three chapters and aims in terms of structural 

characterization of non-crystalline compounds in the system SiO2-GeO2 doped with 

gadolinium, prepared by sol-gel and spray drying methods and the changes induced by 

heat treatments in these compounds. The first chapter presents the methods for obtaining 

materials, sol-gel and spray drying methods. The second chapter summarizes the methods 

used to investigate materials: differential thermal and thermogravimetric analysis, X-ray 

diffraction, Raman and Infrared spectroscopies, nuclear magnetic resonance. 

The third chapter includes the experimental results obtained for both materials 

obtained by sol-gel method and those obtained by spray drying method, followed by 

conclusions, bibliography and appendices. 
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1. SAMPLE PREPARATION 

The 0.995 •[(1-x)SiO2 • xGeO2]• 0.005Gd2O3 systems was studied, obtaining 

samples with different values of ratio Si/Ge (Table 1), the amount of gadolinium being 

constant. There were been prepared two sets of samples, one obtained by sol-gel method 

and the other by spray drying. The tetraethil-ortosilicate Si(OC2H5)4 (TEOS), germanium 

ethoxide Ge(OC2H5)4 (TEOG), gadolinium nitrate hexahydrate Gd(NO3) • 6H2O of high 

purity were used as precursors. 

The solvent used was ethanol and HCl was used as catalyst. Figure 1.1 is a 

schematic diagram of preparation process and the processing parameters for the spray 

drying procedure are presented in the next table. 

 

Table 1. 

0.995·[(1-x)SiO2 · xGeO2]·0.005Gd2O3 

system 

 

 

Figure 1.1. Schematic diagram of preparation process. 

All samples were obtained at room temperature and spray parameters were the same for 

all samples prepared. 

Si/Ge 1-x (SiO2) x (GeO 2) 

8:1 0.889 0.111 

6:1 0.858 0.142 

4:1 0.8 0.2 

2:1 0.667 0.333 

1:1 0.5 0.5 

1:3 0.25 0.75 

1:4 0.2 0.8 

 

 

Spray parameters 

Pump 

(%) 

Asp 

(%) 

Flow 

(l/h) 

Tin / 

Tout 

(ºC) 

16 95 50 95 / 50 
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2. EXPERIMENTAL RESULTS FOR THE  0.995 
•[(1-X)SIO2 • XGEO2]• 0.005•GD2O3 SYSTEM 
OBTAINED BY SOL-GEL PROCESS  

2.1. Thermal analysis results 

Thermal analysis curves for the samples obtained by sol-gel process revealed the 

removes water and other organic components temperatures and also the others thermal 

events that occur in the samples. 

The TGA curves obtained can easily identify the mass loss taking place in two 

steps, accompanied in DTA curves by endo-or exothermal effects. The first step of mass 

loss that occurs in the range 20-250
o
C DTA curve is accompanied by an endothermic 

effect which is attributed to elimination of adsorbed water and solvent, in this case of 

alcohol. The second step of mass loss in 250-500
o
C range, indicating a decomposition of 

the organic part from the silica matrix, elimination and decomposition of nitrates and 

chlorides is accompanied on the DTA curve by exothermic effects [8-13].  

For samples with higher silicon content (samples with the ratio Si/Ge 8:1-2:1), the 

exothermic peaks in the range 900-1100
o
C correspond to a phase transition, probably a 

beginning of crystallization and there are  not accompanied by weight loss in TGA curve. 

For samples with a high germanium content (sample with the ratio Si/Ge 1:1-1:4) the 

phase transition peak is not observed. 

In the figure 2.1 are presented the curves of thermal analysis for the samples 

obtained by the ratio Si/Ge 2:1 and 1:1 respectively. 

Following the thermal analysis have been established the heat treatment 

temperatures to 550
o
C and 1200

o
C for samples with high silicon content and 550

o
C, 

900
o
C respectively for samples with high germanium content. 
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Figure 2.1. DTA and TGA curves for the sample with  2:1and 1:1 Si/Ge ratio. 

2.2. Structural characterization by XRD 

X-ray patterns recorded on as-prepared samples (Figure 2.2) with high silicon 

content, show an amorphous structure, which could be concluded from the broad 

characteristic diffraction peak between 2θ ~ 15° and 30°, on account of the amorphous 

character of as-prepared xerogels [13]. For samples with a high germanium content (the 

ratio of Si/Ge 1:3, 1:4 respectively) the X-ray patterns have specific features of 

crystalline structures, germanium oxide being the identified phase. The average 

crystallites size, determined by Scherrer's formula for the peak with 2θ = 25.8
o
, was 

around 8 nm.   

 

 

 

 

 

 

 

 

 

Figure 2.2. X-ray patterns for the as-prepared samples. 

For the X-ray patterns recorded for 550
o
C heat treated samples for 30 minutes 

(Figure 2.3), with a high silicon content, the central peak does not change the position 

and non-crystalline systems retain their specific features. The X-ray patterns for the 

samples with a high germanium content present crystalline characteristics and germanium 
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oxide being the identified phase. The average crystallites size, determined by Scherrer's 

formula for the peak with 2θ = 26.6
o
, has values ranging between 24.5-8.5 nm and 

decreases with increasing the germanium content in the samples. 

 

 

 

 

 

 

 

 

Figure 2.3. X-ray patterns for the samples 550
o
C heat treated for 30 minutes 

X-ray patterns recorded for the 1200°C heat treated samples for 30 minutes, with 

a high silicon content, reflect the beginning of crystallization process maintaining a 

certain extent and specific features of non-crystalline systems, while the X-ray pattern of 

the  for sample with atomic ratio Si/Ge 2:1 shows a mostly crystalline structure, α-

cristobalite being the predominant phase, but also small amount of quart occured (Figure 

2.4). The average crystallites size of cristobalite, determined by Scherrer's formula for the 

peak with 2θ ~ 21.9
o
, for the partially crystallized samples is ~ 9.4 nm and decreases with 

the increasing of germanium content. For the crystalline sample with atomic ratio Si/Ge 

2:1 the average crystallites size is arround 35 nm. 

 

 

 

 

 

 

Figure 2.4. X-ray patterns for the sample with  

8:1-2:1atomic ratio, 1200
o
C heat treated for 30 

minutes.                                                                                        

Figure 2.5. X-ray patterns for the sample with  

1:1-1:4 atomic ratio, 900
o
C heat treated for 30 

minutes
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For the 900
o
C heat treated samples (30 minutes) with high germanium content the 

X-ray patterns are specific to the crystalline systems,  germanium oxide being the 

identified phase (Figure 2.5) and the average crystallite size being around 19 nm. 

X-ray patterns recorded for the 1200°C heat treated samples for 24 houres, with a 

high silicon content (Figure 2.6), reflect also a crystalline structure, α-cristobalite with a 

cubic structure being the identified phase. The average crystallites size for the samples 

with Si/Ge 2:1-8:1 atomic ratio has values ranging between 35-39,5 nm. 

 

 

  

 

Figure 2.6. X-ray patterns for the samples 1200
o
C  

heat treated for 24hours. 

 

 

 

2.3. Structural characterization by Raman spectroscopy 

The most important features of Raman spectra were observed for the 

wavenumbers between 200 - 1500 cm
-1

 and 2800-3700 cm
-1

, respectively. 

The Raman spectra of as-prepared samples (Figure 2.7) were mainly identified 

bands typical of silica network. The broad band in the range of 430-490 cm
-1

 can be 

associated with the bending vibration of Si-O-Si bond [14-20] and the one between 780-

830 cm
-1

 to the symmetric stretching vibrations of Si-O-Si [10, 11, 14-18, 20-22].  

The band arround 880 cm
-1

 is given by the asymmetric stretching vibration of Ge-

O-Ge bond in the GeO4 tetrahedra [19, 23-28]. In the silicate glasses, the band assigned 

to symmetric stretching vibrations of Ge-O-Ge bond in the GeO4 tetrahedra (~ 418 cm-1) 

is delocalized and has a mixed character, stretching-bending [29], so one can not exclude 

the contribution of this band to the one in the range of 430-490 cm
-1

. 

The band located in the  900-970 cm
-1

 range can be attributed to ν (Si-O-Ge) [19, 

25-27, 30-33] and the band between 1050-1105 cm
-1

 with antisymmetric stretching 
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vibrations of Si-O-Si [10, 11, 14, 16-18, 20-22, 25, 26, 28, 32, 34-39]. For as-prepared 

samples the band arround 980 cm
-1

 attributed to Si-OH bond vibration is present in the 

heat treated xerogel up to ~ 800
o
C. The disappearance of this band can be related to gel-

glass transition, a process that is completed in other systems around the temperature of 

400-600°C [14, 16-19, 40]. 

According to data reported in the literature [32, 41-47] the vibration modes 

arround 430 cm
-1

 and 1000-1200 cm
-1

 can be associated with Q
4
 units, the ones arround 

490 cm
-1

with Q
3
 units and the ones in 900-980 cm

-1
 range with Q

3
 and Q

2
 units, 

respectively. 

The Raman bands in 1300-1465 cm
-1

 range are assigned to bending vibrations of 

C-H bond [11, 14, 48], the ones in 2890-2990 cm
-1

 range to the stretching vibration of C-

H bond [10, 11, 14, 16, 17, 33, 34, 36, 37, 48-51] and the ones between 3430-3450 cm
-1

 

to the stretching vibrations ν (OH) [18-30, 48]. 

The Raman spectra of the samples with high germanium content (the atomic ratio 

Si/Ge 1:1-1:4) present a fluorescence phenomena witch cover the Raman signal. 

 

 

 

 

 

 

 

Figure 2.7. Raman spectra for the as-prepared samples.  

In the case of 550
o
C heat treated (30 minutes) samples  (Figure 2.8) some bands 

don’t occuered comparing with as-prepared ones. In these spectra were also identified 

typical bands of silica network in the 1020-1190 cm
-1

, 775-830 cm
-1

and 430-490 cm
-1

 

spectral ranges associated with symmetric, antisymmetric stretching and bending of the 

Si-O-Si vibrations modes, respectively [10, 11, 14-22, 25,  31, 35, 36, 38, 52].  
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The decreasing in intensity with the thermal treatment up to 550
o
C for the band 

arround 885 cm
-1

, attributed to asymmetric stretching vibration of Ge-O-Ge bond in 

GeO
4
 [19, 23-26, 29] shows a better insertion of germanium into amorphous silicate 

network. The bands in 1300-1465 cm
-1

 range attributed to δ (C-H) and ν (C-H) vibration 

disappears after termal treatment at 550°C, which follows from the differential thermal 

analysis. The bands between 3420-3440 cm
-1

 attributed to O-H vibration, ν(O-H)  [18, 

27, 30, 34, 39, 48, 51] are still present in the samples. In the Raman spectra of 550
o
C heat 

treated sample with high germanium content (the atomic ratio Si/Ge 1:1-1:4), the 

fluorescence phenomena still occures and covers the  Raman signal. 

Similar with the Raman spectra analysis of the as-prepared samples, modes of 

vibration at 430 cm
-1

 and 1000-1200 cm
-1

 may be associated with units Q
4
, those at 490 

cm
-1

 with Q
3
 units and modes of vibration in the range 900 - 980 cm

-1
 with Q

3
 and Q

2
 

units
 
[32, 41-47].  

 

 

 

 

 

 

 

 

 

Figure 2.8. Raman spectra for the heat treated samples at 550
o
C for 30 minutes. 

In the case of Raman spectra for the 1200
o
C heat treatment (30 minutes) samples 

with high silicon content (Figure 2.9) can be seen the typical silica network bands  
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Si bond, the spectral range of 1020-1200 cm
-1

, 800-810 cm
-1

 and 430-490 cm
-1

 

respectively [10, 11, 14-19, 21, 22, 34, 36-39, 52]. 
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treatment at 1200°C as a result of the separation of phases rich in silicon or germanium 

respectively.  

After 1200
o
C heat treatment the band arround 3450 cm

-1
 attributed to O-H bond 

stretching vibration, is not present anymore in the Raman spectra according with the 

results of differential thermal analysis. The Raman spectrum of the sample with atomic 

ratio Si/Ge 2:1 shows the typical cristobalite bands, phase identified also by X-ray 

diffraction [53-65]. The vibrational modes arround 430 cm
-1

 and 490 cm
-1

 can be 

associated with Q
4
 and Q

3
 units, respectively [32, 41-47]. 

The Raman spectra of the 900
o
C heat treated (30 minutes) samples with atomic 

ratio Si/Ge 1:1-1:4 are specific to the cristalline structure, clearly evidenced the bands for 

Ge-O-Ge vibration in GeO4 tetrahedra arround 450, 525 and 880 cm
-1

 respectively. This 

results are in according with X-ray diffraction where the GeO2 phase has been identified. 

 

 

 

 

 

 

 

 

 

Figure 2.9. Raman spectra for the heat treated samples at 1200/900
o
C for 30 minutes. 

The Raman spectra recorded for the 1200°C heat treated samples for 24 houres, 

(Figure 2.10), reflect the bands characteristic to the cristobalite crystalline phase, 
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vibration of Si-O-Si bond arround 1100 cm
-1
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 and ~ 220 cm
-1
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respectively, according with X-ray diffraction [10, 11, 14-19, 21, 22, 34, 36-39, 52].  

For the 1200
o
C heat treated samples for 30 minutes, the  vibration modes at 430 

and 490 cm
-1

can be associated with and the Q
4
 and Q

3
, respectively [32, 41-47]. 
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Figure 2.10. Raman spectra for the heat treated 

samples at 1200
o
C for 24 houres. 

 

 

 

The developments of the Raman spectra at different heat treatments are presented 

in Figure 2.11 for a better view of the effect of the thermal treatments on the samples 

structure. Theese analysis indicate the both absence of bands corresponding to C-H 

bending vibrations and O-H stretching vibration. One can see also the lack of two other 

bands arround  880 and 980 cm
-1

, attributed to Ge-O-Ge and Si-O-Ge stretching 

vibrations, respectively. Spectral behavior evidenced by the heat treatment increasement 

shows a good dispersion of germanium in the silicate network. 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 2.11. Evolution with heat treatement of Raman spectra  
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2.4. Structural characterization by Infrared spectroscopy 

IR absorption spectra recorded for the as-prepared and heat treated samples 

obtained by sol-gel method, are presented in the range between 400 and 1750 cm
-1

, the 

location of spectral bands assigned to SiO4 and GeO4 units. 

IR spectra of the as-prepared samples are shown in figure 2.12. Broad band from 

450 cm
-1

 can be attributed to asymmetric bending vibration of Si-O-Si bonds in the SiO4 

units [14-18, 66-72]. Bands at 520, 550 and 580 cm
-1

 (resolved for samples with a higher 

germanium content , with Si / Ge ratio between 1:1 - 1:4) are joined in a single line with 

maximum at 550 cm
-1

 in spectra of the samples with a higher silicon content and can be 

attributed to bending vibrations of Ge-O-Ge bonds in GeO4 units [29, 73].  

Band at 760 cm
-1

 moves to higher wave numbers (800 cm
-1

) with increasing 

silicon content in the samples and is attributed to symmetric stretching vibrations of Si-

O-Si linkages between SiO4 units (Q
4
 units) [10, 11, 14-16, 18, 21, 28, 34, 51, 71-75]. 

The absorption band at 870 cm
-1

 can be attributed to vibrations Ge-O-Ge bonds in 

GeO4 units [23, 24, 73, 76, 77]. This intense band for samples with higher germanium 

content decreases in intensity with increasing silicon content in the sample, while a weak 

shoulder at 940 cm
-1

 associated with the stretching vibration Si-O
-
 bonds in the SiO4 

tetrahedra (Q
2
 units) and Si-OH [15, 16, 18, 21, 28, 78-82] that appears in all the as-

prepared samples spectrum, increases in intensity with increasing silica content in the 

samples.  

Also note that the band appeared around 960 cm
-1

 assigned to stretching 

vibrations of Ge-O-Ge linkages in GeO4 units [73] is found only in spectra of samples 

with the Si/Ge ratio 1:1-1:4. Shoulder at 1000 cm
-1

 is assigned to stretching vibration of 

Si-O-Ge bonds (Q
2
 units) [11, 34, 36, 71, 73, 81, 83, 84] and disappears from the spectra 

as the silicon content increases. 

  Shoulder at 1040 cm
-1

 in the vicinity of 1080 cm
-1

 band, is attributed to 

asymmetric stretching vibration of Si-O-Si bonds [11, 17, 34, 36, 67, 71, 74, 75, 81, 83-

85] and is observed only for samples with the Si/Ge ratio 1:4, 1:3 respectively. Intense 

band at 1080 cm
-1

 is attributed to asymmetric stretching vibration of Si-O-Si bonds [10, 

11, 14-16, 18, 21, 28, 34, 35, 36, 72, 81, 84-88] (Q
3
 units) and the shoulder at 1200 cm

-1
 

is associated with asymmetric stretching vibration of Si-O-Si bonds (Q
4
 units) [11, 14, 
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16, 34, 35, 75, 85, 88] . Band at 1635 cm
-1

 is attributed to bending vibrations of OH 

bonds [15, 16, 18, 23, 28, 35, 71, 72, 88] and the intense broad band at 3430 cm
-1

 to 

stretching vibrations of OH bonds [11, 15, 18, 30, 35, 36, 72, 81, 83, 88].  

 

 

 

 

 

 

 

Figure 2.12. IR spectra for the as-prepared samples 

IR spectra of heat treated samples for 30 min. at 550°C are shown in figure 2.13. 

Analyzing the obtained IR absorption spectra we do not observe substantial changes in 

the shape of spectral lines. The same behavior is observed for the bands at 870 cm
-1

 and 

1080 cm
-1

, which decreases, respectively increase, in intensity with increasing silicon 

content in the samples. 

 

 

 

 

 

 

 

 

Figure 2.13. IR spectra for the heat treated samples at 550
o
C for 30 minutes 

IR spectra of heat treated samples for 30 minutes at 1200/900
o
C are shown in 

figure 2.14. By analyzing the spectra we observed the absorption bands at 670 cm
-1

 and 
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920 cm
-1

, especially for samples with higher germanium content, attributed to stretching 

vibration of Si-O-Ge bond [24, 73]. The same behavior is observed also for the bands at 

870 cm
-1

 and 1080 cm
-1

, which decrease respectively increase in intensity with increasing 

silica content in the samples and is observed the disappearance of the band at 1635 cm
-1

 

and 3430 cm
-1

 respectively, attributed to OH vibrations.  

 

 

 

 

 

 

 

Figure 2.14. IR spectra for the heat treated samples at 1200/900
o
C for 30 minutes 

For a better view of the heat treatment effect for the structure of the samples in 

figure 2.15 are shown the spectral changes separately for each sample. FTIR data show 

that the samples undergo structural changes when performing heat treatment, but are 

most affected by the changes in the Si/Ge ratio. 
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Figure 2.15. Evolution with heat treatement of IR spectra 

 

 

 

2.5. Structural characterization by MAS-NMR 
 Nuclear magnetic resonance spectra (NMR) were recorded for 

29
Si nucleus from 

the 0.995 • [(1-x) SiO2 • xGeO2] • 0.005Gd2O3 system on solid samples, as powder. 
29

Si 

MAS NMR spectra were processed using the Dmfit program [89]. By changing the Si/Ge 

ratio and using heat treatment the structural changes that take place are highlighted by the 

resonance peak positions changes which depend on the coordination of silicon atoms and 

on the other structural changes that take place in their neighborhood. 

 
29

Si MAS NMR spectra of heat-treated samples shown in Figure 2.16, indicates 

the presence of units Q
4
, Q

3
 and Q

2
 [28, 37, 90, 91]. With increasing 

silicon content in the sample the Q
4

 and Q
3
 units tends to equalize. The results obtained 

by deconvolution for chemical shifts  (ppm), the Q
n
 fraction, namely the width of Q

n
 

units are listed in Tables 2, 3 and 4 and plotted in Figure 2.17. Note that with increasing 

SiO2 content (Figure 2.17.b), it decreases the number of biding oxygen in the sample, 

namely the Si-O-Si bridges, decreasing the glass stability.  In the vitreous samples with 

higher silicon content, the number of Si-O-Si bridges decrease and chains of Q
3
 units 

forms, namely bridges of Si-O-Ge (depolymerization occurs). At this stage it is not about 

a development of crystalline phases, the reorganization process that precedes 
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crystallization leads to internal tension in samples which is reflected in the shape of these 

lines, particularly in line broadening associated with Q
2
 units.  

Table 2. The Qn position (ppm) function on the samples composition in the as-prepared system 

 

 

 

Table 3. The Qn fraction (%) function on the samples composition in 

the as-prepared system 
 

 

 

 

 

 

 

Table 4. The width of Qn units (ppm) function on the samples 

composition in the as-prepared system 

 

 

Figure 2.16. The NMR spectra of the as-prepared 

samples 

 

 

 

 

 

 

 

 

Figure 2.17. a)The Q
n
 position (ppm), b) Q

n
 fraction (%), c) width of Q

n
 units (ppm) function on the 

samples composition in the as-prepared system 

 
29

Si MAS NMR spectra of heat treated samples for 30min. at 550
o
C, presented in 

Figure 2.18, indicates mostly the presence of Q
4
, Q

3
, Q

2
 units [28, 37, 90, 91]. The results 

for chemical shifts (ppm) obtained by deconvolution, the Q
n
 fraction, namely the width 

Q
n
 units are presented in tables 5, 6, 7. 
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(ppm) 

Si/Ge 

After heat treatment at 550°C, the spectrum lines are less resolved; the Q
n
 fraction is 

relatively constant showing for all compositions a similar structure, non-crystalline 

structure solved by a homogeneous distribution of GeO4 units in silica matrix.  

Table 5. The Qn position (ppm) function on the samples composition in the 30 min heat treated at 550oC system 

 

 

 

 

 

 

 Table 6. The Qn fraction (%) function on the samples composition in the 

30 min heat treated at 550oC system 

 

 

 

 

 

 

Table 7. The width of Qn units (ppm) function on the samples composition 

in the 30 min heat treated at 550oC system 

 

 

 

Figure 2.18. The NMR spectra of the 30 min heat treated at 550oC 

samples  

 

 

 

 

 

 

Figure 2.19. a)The Q
n
 position (ppm), b) Q

n
 fraction (%), c) width of Q

n
 units (ppm) function on the 

samples composition in the 30min. heat treated at 550
o
C system  

 
29

Si MAS NMR spectra of heat treated samples for 30min. at 1200
o
C, showed in 

Figure 2.20 indicates mostly the presence of Q
4
, Q

3
, Q

2
 units, except of the Si/Ge ratio 

2:1 sample where by deconvolution, two Q
4
 units were identified. The chemical shift 

from ~ -110 ppm corresponds to the still present amorphous silicon phase and from 

literature it is known that the chemical shift at ~ -107 ppm is attributed to the cristobalite 
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[92], which is confirmed by X-ray diffraction of the sample. The results for chemical 

shifts  (ppm) obtained by deconvolution, the Q
n
 fraction, namely the width of Q

n
 units, 

are contained in tables 8, 9 and 10. Even for these samples the structure is similar after 

heat treatment, except for the sample with Si/Ge ratio 2:1 where the deconvolution 

showed a different structure.   

Table 8: The Qn position (ppm) function on the samples composition in the 30 min heat treated at 1200oC system 

 

 

 

 

 

Table 9. The Qn fraction (%) function on the samples composition in the 30 

min heat treated at 1200oC system 

 

 

 

 

 

Table 10. The width of Qn units (ppm) function on the samples composition 

in the 30 min heat treated at 1200oC system 

 

Figure 2.20. The NMR spectra of the 30 min 

heat treated at 1200
o
C samples 

 

 

 

 

 

 

 

 

 

Figure 2.21. a)The Q
n
 position (ppm), b) Q

n
 fraction (%), c) width of Q

n
 units (ppm) function on the 

samples composition in the 30min. heat treated at 1200
o
C system 

Analyzing the spectral evolution of the samples before and after heat treatment (Figure 

2.22), it can be seen that in as-prepared samples the spectra lines are well resolved and 
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the fraction of Q
3
 and Q

4
 units tend to equalize with increasing the amount of silica in the 

samples. After treatment at 550°C, respectively 1200°C, the spectral lines are less 

resolved, a similar structure being observed, except the sample with Si/Ge ratio 2:1. 

    

Figure 2.22: The NMR spectra function on their thermal history  

 In conclusion, the spectra with thermal treatments tend to be less resolved, the 

differentiation of Q
n
 units becoming less visible. There are no changes once with the 

germanium addition concerning the shifts of Q
n
 units, but an increase in the fraction of Q

3
 

units with decreasing the amount of germanium it is observed, associated to the growth of 

hydroxyl groups. Moreover, it is known that the germanium addition do not greatly 

influences the local neighborhood in silica gel or in the densified glass [22, 91]. 

3. Experimental results for 0.995 ·[(1-x)SiO2 · 
xGeO2]· 0.005·Gd2O3 system obtained by spray-
drying method 

3.1. Thermal analysis results 

Thermal analysis curves for the samples obtained by sol-gel process revealed the 

removes water and other organic components temperatures and also the others thermal 

events that occur in the samples. In the figure 3.1 are presented the curves of thermal 

analysis for the samples obtained by the ratio Si/Ge 6:1 and 1:1 respectively.  

The endothermic effect which is attributed to elimination of adsorbed water and 

solvent is accompanied by weight loss in TGA curve and occurs in the range 60-80
o
C. 
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The exothermic effect , occuring in the range 210 - 550
o
C, is indicating a decomposition 

of the organic part from the silica matrix, elimination and decomposition of nitrates and 

chlorides is accompanied on the DTA curve by exothermic effects [8-13]. 

For samples with higher silicon content (samples with the ratio Si/Ge 8:1-2:1) the 

phase transition peak is not observed, this samples remain amorphous even after the 

900
o
C heat treatment. For samples with higher germanium content (samples with the 

ratio Si/Ge 1:1-1:4) the exothermic peaks in the range 600-800
o
C correspond probably to 

a phase transition and there are  not accompanied by weight loss in TGA curve. 

Following the thermal analysis have been established the heat treatment temperatures to 

550
o
C and 900

o
C. 
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Figure 3.1. DTA and TGA curves for the sample with  6:1and 1:1 Si/Ge ratio 

3.2. Structural characterization by XRD 
X-ray patterns recorded on as-prepared samples (Figure 3.2) show an amorphous 

structure, which could be concluded from the broad characteristic diffraction peak 

between at ~ 2  24
o
, on account of the amorphous character of as-prepared xerogels 

[13]. The existence of small nanocrystals of a few nanometers is suggested by the 

presence of large peaks, around 38 and 64 degrees, which is observed in the X-ray 

patterns of samples with high germanium content [93]. 
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Figure 3.2. X-ray patterns for the as-prepared samples 

X-ray patterns of the  samples heat treated 30min. at 550
o
C shown in figure 3.3,  

presents a broad peak with specific features of non-crystalline systems (samples with the 

ratio Si/Ge 8:1-2:1). 

The X-ray patterns for the samples with 1:1 Si/Ge ratio, the central peak retains 

its specific features of non-crystalline systems,  and for samples with a high germanium 

content (samples with Si/Ge ratio 1:3, respectively 1:4) present crystalline characteristics 

and germanium oxide being the identified phase. 

The average crystallites size, determined by Scherrer's formula for the peak with 

2θ = 26
o
 for this two samples, decreases with increasing germanium content of the 

sample and is 11.5 nm for the 1:3 Si/Ge ratio sample, respectively 5.7 for the 1:4 sample. 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. X-ray patterns for the samples 550
o
C heat treated for 30 minutes. 

X-ray patterns of the  samples heat treated 30min. at 900
o
C shown in figure 3.4,  
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ratio Si/Ge 8:1-2:1). For samples with a high germanium content (samples with Si/Ge 

ratio 1:1-1:4) present crystalline characteristics and germanium oxide being the identified 

phase, and the average crystallites size being around 17 nm. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.  X-ray patterns for the samples 900
o
C heat treated for 30 minutes 

3.3. Structural characterization by Raman spectroscopy 

The Raman spectra of as-prepared samples (Figure 3.5) with Si/Ge ratio 8:1-2:1 

swon broad bands around de 440 cm
-1

, 800 cm
-1

 şi 1000 cm
-1

 [34, 52], but the 

fluorescence phenomena covers the Raman signal  

 

 

 

 

 

 

Figure 3.5. Raman spectra for the as-prepared samples 
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patterns (a beginning of nucleation of GeO2 crystalline phase). The ~ 780cm
-1

 band is 

attributed to symmetric stretching vibrations of Si-O-Si bond [8, 11, 13-16, 18, 19, 21, 

48, 52, 73, 94, 95], and the one from the spectral range of 900-970 cm
-1

 is attributed to ν 

(Si-O-Ge) [18, 19, 25-27, 30, 32, 33]. 

 The Raman spectra of 30 min. heat treated at 550
o
C samples are presented in 

Figure 3.6. 

 

 

 

 

 

 

 

Figure 3.6. The Raman spectra of 30 min. heat treated at 550
o
C samples 

In case of all Raman spectra of 30 minutes heat treated at 550
o
C samples it is 

noted that the fluorescence covers the Raman signal. However, we observe some very 

low intensity bands attributed to the stretching and bending vibrations of the  Si-O-Si 

bond at ~ 430, respectively ~ 780 cm
-1

, and corresponding vibration bands of Ge-Ge-O 

bond at 450 cm
-1

, respectively 880 cm
-1

 [23, 24, 29, 73]. 

The Raman spectra of 30 min. heat treated at 900
o
C samples are presented in 

Figure 3.7. 

 

 

  

 

 

 

 

 

Figure 3.7. The Raman spectra of 30 min. heat treated at 900
o
C samples  
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The same thing happens for the Raman spectra of the heat treated samples at 900 
o
C for 

30 minutes, the phenomenon of fluorescence covering the Raman signal given by these 

samples. We find, however, in the spectrum the band at 430, respectively 800 cm
-1

 

assigned to bending vibrations, respectively the stretching of Si-O-Si bond and the band 

at 450 cm
-1

 assigned to stretching vibrations of Ge-O-Ge bond in GeO4. 

3.4. Structural  characterization by Infrared spectroscopy 

IR absorption spectra for as-prepared and heat treated samples obtained by spray-

drying method are presented on the range between 400 and 1750 cm
-1

, where the spectral 

bands assigned to SiO4 units, GeO4 are identified and where structural changes are 

observed both in composition and heat treatment. 

IR spectra of as-prepared samples are shown in Figure 3.8. The wide band from 

450 cm
-1 

can be attributed to asymmetric bending vibration of Si-O-Si bounds in the SiO4 

units [14-18, 66-72].  

 

 

 

 

 

 

 

 

Figure 3.8. The IR spectra of as-prepared samples  

The 520 cm
-1

, 550 cm
-1

, respectively 580 cm
-1

 bands (visible only for samples 

with the Si / Ge ratio between 1:1 - 1:4) are joined in a single line with maximum at 550 

cm
-1

 in the of the samples with a higher silicon content and can be attributed to bending 

vibrations of Ge-O-Ge bonds in GeO4 units [29, 73]. Band at 760 cm
-1

 moves to higher 

wave numbers (800 cm
-1

) with increasing silicon content in the samples and is attributed 

to symmetric stretching vibrations of Si-O-Si linkages between SiO4 units (Q
4
 units) [10, 

11, 14-16, 18, 21, 28, 34, 51, 71, 72, 74, 75]. The absorption band at 870 cm
-1

 can be 

attributed to vibrations Ge-O-Ge bonds in GeO4 units [23, 24, 73, 76, 77]. This intense 
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band for samples with higher germanium content decreases in intensity with increasing 

silicon content in the sample, while a weak shoulder at 940 cm
-1

 associated with the 

stretching vibration Si-O
-
 bonds in SiO4 tetrahedra (Q

2
 units) and Si-OH [15, 16, 18, 21, 

28, 78-82] that appears in all the as-prepared samples spectra, increases in intensity with 

increasing silica content in the samples. Also note that the band appeared around 960 cm
-

1
 assigned to stretching vibrations of Ge-O-Ge linkages in GeO4 units [73] is found only 

in spectra of samples with the Si/Ge ratio 1:1-1:4. Shoulder at 1000 cm
-1

 is assigned to 

stretching vibration of Si-O-Ge bonds (Q
2
 units) [11, 34, 36, 71, 73, 81, 83, 84] and 

disappears from the spectra as the silicon content increases. Shoulder at 1040 cm
-1

 in the 

vicinity of 1080 cm
-1

 band, is attributed to asymmetric stretching vibration of Si-O-Si 

bonds [11, 17, 34, 36, 67, 71, 74, 75, 81, 83-85] and is observed only for samples with 

the Si/Ge ratio 1:4, 1:3 respectively. The intense band at 1080 cm
-1

 is attributed to 

asymmetric stretching vibration of Si-O-Si bonds [10, 11, 14-16, 18, 21, 22, 28, 34, 35, 

36, 71, 72, 81, 83-88] (Q
3
 units) and the shoulder at 1200 cm

-1
 is associated with 

asymmetric stretching vibration of Si-O-Si bonds (Q
4
 units) [11, 14, 16, 34, 35, 75, 85, 

88]. Band at 1635 cm
-1

 is attributed to bending vibrations of OH bonds and the intense 

broad band at 3430 cm
-1

 to stretching vibrations of OH bonds [10, 11, 15, 16, 18, 21, 23, 

28, 30, 34-36, 38, 51, 71, 72, 75, 81, 83, 84, 86, 88]. 

The IR spectra of heat treated samples for 30 min. at 550 °C are shown in Figure 

3.99.  

 

 

 

 

 

 

Figure 3.9. The IR spectra of heat treated samples for 30 min. at 550°C 
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the 870 cm
-1

 and 1080 cm
-1

 bands, which decrease, respectively increased in intensity 

with increasing silicon content in the samples. 

The IR spectra of heat treated samples for 30 min. at 900
o
C are shown in Figure 

3.10. For the samples with higher silica content (Si/Ge ratio between 8:1-2:1) the 

disappearance of the 940 cm
-1 

shoulder and of the ~ 550 cm
-1

 band is observed, and for 

the samples with higher germanium content (Si/Ge ratio between 1:1-1:4), absorption 

bands at 640, 670 cm
-1

 or 920 cm
-1

 are observed due to stretching vibrations of the Si-O-

Ge bond units (Q
2
 units) [24, 73]. For all the heat treated at 900

o
C samples,  the 

disappearance of 1635 cm
-1

band is observed in the spectra corresponding to bending 

vibrations of OH bonds and the same behavior is observed for 870 cm
-1

, 1080 cm
-1

 bands 

which decrease respectively increase in intensity, with increasing silicon content in the 

samples.  

 

 

 

 

 

 

Figure 3.10. The IR spectra of heat treated samples for 30 min. at 900
o
C 

For a better view of the heat treatment effect on samples, in Figure 3.11, spectral 

developments are highlighted for each sample separately. FTIR data show that the 

samples undergo structural changes with heat treatment, but are more affected by changes 

occurred between Si and Ge ratio.  
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Figure 3.11. Evolution with heat treatement of IR spectra 

 

 

3.5. Structural characterization by MAS-NMR 

The 
29

Si MAS-NMR spectra of the microspheres belonging to the studied system 

have broad resonance lines characteristic to amorphous materials and are shown in Figure 

3.12. Resonance lines corresponding to structural units Q
2
, Q

3
 and Q

4
 have been 

identified [28, 37, 90, 91].  

Table 11. The Qn position (ppm) of the as-prepared system 
 

 

 

 
 

 
Table 12. The Qn fraction (%)of the as-prepared system 

 

 

 

 
 

 

Table 13. The width of Qn units (ppm) of the as-prepared system 

 

 

Figure 3.12. The NMR spectra of the as-

prepared samples 
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The Q
4
 fraction is relatively stable with increasing germanium content, while the Q

3
 

fraction decreases (Figure 3.13.b). For samples with the Si/Ge atomic ratio 1:3 and 1:4, in 

the resonance spectra besides the Q
4
 and Q

3
 units we retrieve in addition Q

2
 units. The 

weak polimerization of the silica network in the region of higher germanium content 

takes place especially at the expense of Q
3
 units [93].  

The results obtained from spectra deconvolution for chemical shifts  (ppm), Q
n
 fraction, 

respectively the width of Q
n
 units are listed in Tables 11, 12 and 13. The Q

4
 fraction 

increase slightly with increasing germanium content, while for the samples with the 

Si/Ge ratio 1:3, respectively 1:4, remains constant and Q
2
 fraction decreases with 

increasing the silicon content. 

 
 
 
 
 
 
 
 
 

Figure 3.13. a)The Q
n
 position (ppm), b) Q

n
 fraction (%), c) width of Q

n
 units (ppm) function on the 

samples composition in the as-prepared system 

Selected conclusions 

  By combining the sol-gel and spray drying method, we prepared samples 

belonging to the 0995 • [(1-x) SiO2 • xGeO2] • 0.005Gd2O3 system while the atomic ratio 

was ranged between silicon and germanium, for each method. 

DTA  

  Differential thermal analysis was used to determine the thermal evolution 

of the samples and to determine the optimum heat treatment temperatures. 

 The thermal phenomena shown in the DTA curves were correlated with the 

structural evolution of the samples. The endothermic peaks were assigned to the 

removing water process while the exothermic peak was attributed to organic 

combustion, chlorides elimination and nitrates decomposition. 
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 For samples prepared by sol-gel method, the temperatures where the transitions to 

crystalline phases take place were found. 

 The endothermic and exothermic peaks are less emphasized for samples prepared 

by spray-drying method, because this way some of these compounds are 

eliminated in the preparation. 

XRD  

 For samples obtained by sol-gel method we revealed the amorphous nature of the 

prepared samples to the Si / Ge 1:3 ratio sample. 

 The system obtained by spray-drying method revealed an amorphous character 

even at high concentrations of germanium due to higher speed in order to obtain 

powder. 

 Heat treatments lead to the development of nanostructured materials with crystal 

size between 10-39 nm. 

 Cristobalite nanocrystals have been identified and a small amount of quartz, for 

samples with a higher silicon content, respectively GeO2 nanocrystals for samples 

with a higher germanium content. 

 S-a observat că dimensiunea medie a cristalitelor dezvoltate prin tratamente 

termice similare în cazul probelor obţinute prin metoda sol-gel este mai mare 

decât în cazul celor obţinute prin metoda uscării prin pulverizare.  

Raman  

 In all Raman spectra it was found the specific vibration bands assigned to Si-O-Si, 

Si-O-Ge and Ge-O-Ge linkage. 

 After heat treatment at 550 °C, in the spectra of samples with higher silicon 

content (8:1-2:1) prepared by sol-gel method, the vibration of Ge-O-Ge bond 

decreases in intensity demonstrating a better insertion of germanium in the 

amorphous germano-silicate network. 

 After heat treatment at 1200 °C for 30 minutes, and 24 h, we find only the 

specific vibration bands of Si-O-Si bonds, the spectra being specific to 

cristobalite, phase identified in X-ray diffraction spectra which shows a good 

dispersion of germanium inside the network. 
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  For the as-prepared and heat treated at 550
o
C samples with Si/Ge ratio 1:1-1:4, 

the fluorescence phenomenon covers the Raman signal, and after the 900
o
C heat 

treatment the spectra of these samples are specific to germanium oxide. 

 The Raman spectra of the as-prepared and heat-treated samples, prepared by the 

spray-drying method, with Si/Ge ratio between 8:1-2:1 presents fluorescence 

which covers the Raman signal. 

 For as-prepared samples with Si/Ge ratio between 1:1-1:4, the Raman spectra are 

specific to germanium oxide, which supports the tendency towards segregation 

observed in X-ray diffraction spectra. 

IR  

 In all IR spectra we find the specific vibration bands of Si-O-Si, Si-O-Ge and Ge-

O-Ge bonds. 

 The bands from 520, 550, 580 cm
-1

 assigned to the deformation vibration of Ge-

Ge-O bonds in GeO4 units are present only in the spectra of samples with a higher 

germanium content and join in a single line having a maximum at 550 cm
-1

 in 

spectra of samples with a higher silicon content. 

 FTIR data show that samples undergo structural changes when making heat 

treatment, being although the most affected by changes in ratio between Si and 

Ge. 

NMR  

 The resonance spectra recorded for the 
29

Si nucleus revealed Q
2
, Q

3
, Q

4
 units 

corresponding to SiO4 structural units.  

 For as-prepared samples obtained by sol-gel method is observed that once with 

increasing of silicon content decreases the number of oxygen bridges, namely the 

Si-O-Si bridges, reducing the stability of the glass, forming Q
3
 chains units, 

bridges Si-O-Ge.  At this stage it is not about a development of a crystalline 

phase, but the reorganization process which precedes crystallization leads to an 

internal tension which is reflected in the form of these lines, particularly in line 

broadening associated with Q
2
 units. 

 After heat treatment at 550 °C, respectively 1200
o
C for 30 minutes the spectra 

lines are less resolved, indicating a similar structure for all compositions, a non 
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crystalline structure solved by a homogeneous distribution of GeO4 units in the 

silica matrix, except the sample with Si/Ge ratio 2:1 which presents a different 

structure. 

 It is noted that with thermal treatments the spectra tend to be less resolved, the 

differentiation between Q
n
 units becoming less visible. The germanium addition 

do not produce shifts of Q
n
 units position but an increase of Q

3
 fraction with 

decreasing the germanium content from the samples was actually attributed to the 

growth of the hydroxyl groups. 

 For as-prepared samples obtained by spray-drying method the Q
4
 fraction increase 

slightly with increasing the germanium content in the sample due to decreasing of 

Q
3
 fraction, namely there is a depolymerization of  the silica network, and the Q

2 

fraction decreases with increasing the silicon content in samples. 

Concluzii generale  

 The system was chosen due to its applications in high technology areas of current 

interest and also for the interest in non-crystalline systems physics with two 

classical formers of vitreous network. 

 The sol-gel method chosen for synthesis have the advantage of obtaining 

amorphous homogeneous systems of a high purity for a wide range of 

concentrations, at temperatures close to room temperature, in comparison with 

classical melt subcooling method.  

 Using two methods of drying to the same system, leads to compounds with 

completely different structures. 

 It was noted that the medium crystallites size developed by similar heat treatments 

for samples obtained by sol-gel method is higher than those obtained by spray-

drying method. 

 In both the IR spectra and Raman spectra have been identified the vibration 

modes associated to Q
2
, Q

3
, Q

4
 units in line with the results obtained following 

the NMR spectra deconvolution. 

 The spray drying method has the advantage of eliminating from the beginning the 

organic components that lead to the formation of crystallization germs. 
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