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INTRODUCTION & MOTIVATION 

 

The purpose of this thesis is to synthesise by spray-drying method oxide materials of 

scientific interest with interesting properties exploited in different applications. Following the 

successful development of numerous glasses containing rare earths, their potential 

applications in hot fields such as optical communications, lasers, sensors, but also in the 

biomaterials field, titanosilicate materials with lanthanum oxide have been synthesized and 

investigated by structural and morphological means.  

Titanosilicate mixed oxides have attracted much attention, especially for catalysis and 

catalyst support materials, for the fact that silica-titania nanocomposites have higher 

photoactivity than pure TiO2 [1,2]. The silica addition has also a significant influence on the 

surface properties of titanium dioxide, including the increase of the specific surface area of 

TiO2 [3]. The addition of rare earths (RE) may change the physical and chemical properties of 

titanosilicate systems. In comparison with the pure TiO2-SiO2 samples, the RE-TiO2-SiO2 

samples have relatively small particle size indicating that the doping with RE ions can 

improve the particle morphology, and delay the grain growth of TiO2-SiO2 during heat 

treatment, important phenomena in photocatalytic applications [4]. Thus, incorporation of 

lanthanide ions into a TiO2 matrix provide La2CO5 phase formation on the surface and 

consequently enhance the photoactivity of titania [5-6]. Lanthanum oxide is used in optical 

glasses, to which this oxide confers low density, increased refractive index, hardness and 

chemical durability, since La2O3 has the largest band gap among the known rare earth oxides. 

In a low concentration range of La2O3, these materials have a double functionality: as 

bio-materials and optical glasses. Not as extensive as in the field of photocatalysis [7-10], but 

there is a promising development also of titanosilicates in the field of biomaterials [11-15]. 

Titanium oxide and mixed silica-titanium oxide coatings prepared by sol gel process have 

already been applied in studies of cell adhesion, proliferation and response. It was found that 

the apatite grows better and also the cell attachment and proliferation increase on the surface 

of TiO2-SiO2 mixed oxide coating comparing to TiO2 coating [16]. At the same time, it was 

reported that lanthanum enhances in vitro osteoblast differentiation but has no effect on type I 

collagen. Interestingly, lanthanum is rapidly emerging as a major player in the management of 

multiple other different systemic diseases especially in the field of oncology [17-21]. The 
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effect of rare earths addition on hydrophilicity of TiO2/SiO2 films was also reported, namely 

that the hydrophilicity of TiO2 film is enhanced by both SiO2 and La2O3 [22]. 

The thesis is divided in seven chapters, including the present introduction and 

conclusions. The second chapter deals with fundamental issues related to titanosilicate 

systems, the role of rare earth addition and their applications, describing also the defects in 

titanium and silica oxides. The third chapter describe the sol – gel method and spray dry 

process in order to obtain spherical particles with amorphous character and high homogeneity. 

The experimental methods are presented in the fourth chapter: thermal analysis, X-ray 

diffraction, scanning electron microscopy, X-ray photoelectron spectroscopy, Raman and 

Infrared spectroscopies, electron paramagnetic resonance and nuclear magnetic resonance 

spectroscopies. The fifth chapter present the setup devices used for sample synthesis.  

The main part of this paper is the sixth chapter which describes the experimental 

results and comprises three parts. The proposal for the first part is the synthesis by spray-dry 

method titanosilicate microparticles with lanthanum oxide content in a low and high 

concentration range respectively. In this respect there were investigated in the last two parts 

the effects of both low and high lanthanum oxide content to the titanosilicate system and the 

thermal treatment influence on the physical and chemical properties that are of major interest 

in different applications mentioned earlier. 
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RESULTS & DISCUSSION 

 

1.    Synthesis by sol-gel and spray drying  

Besed on the properties of titanosilicate systems with rare earth oxides and the 

advantages of the synthesis method presented in the theoretical part, TiO2-SiO2-La2O3-Gd2O3 

materials were investigated. Therefore SiO2:TiO2=1:1 (atomic ratio) with xLa2O3 content (x = 

0, 1, 5, 10, 15, 20, 50) samples doped with 1% Gd2O3 were prepared by using the spray 

method. Thus method, there was synthesized, at low-temperature and using a reduce number 

of unit operation, amorphous materials with high degree of homogeneity and purity. Since 

spray drying is a technique that can be easily automated and equipped for in-line product 

analysis. Not only the samples’ properties, but also the production efficiency was improved.  

Table 1. Sample’ names, application fields, composition, calculated refractive index. 
La2O3 

concentration 

Application 

fields 
Name Composition 

Refractive 

index 

Low La2O3 

concentration 

range 

Biomaterials 

Optical field 

Catalysis 

 

TiSi 0%Gd2O3.100%(50%TiO2+50%SiO2+0%La2O3) n=1.7300 

L0 1%Gd2O3.99%(50%TiO2+50%SiO2+0%La2O3) n=1.7307 

L1 1%Gd2O3.99%(49.5%TiO2+49.5%SiO2+1%La2O3) n=1.7390 

L5 1%Gd2O3.99%(47.5%TiO2+47.5%SiO2+5%La2O3) n=1.7728 

L10 1%Gd2O3.99%(45%TiO2+45%SiO2+10%La2O3) n=1.8138 

High La2O3 

concentration 

range 

Optical field 

Catalysis 

L15 1%Gd2O3.99%(42.5%TiO2+42.5%SiO2+15%La2O3) n=1.8554 

L20 1%Gd2O3.99%(40%TiO2+40%SiO2+20%La2O3) n=1.8970 

L50 1%Gd2O3.99%(25%TiO2+25%SiO2+50%La2O3) n=2.1465 

In the Figure 1 and Table 2 are presented the schematic representation of the syntheses 

process and the starting materials composition. 

 

Table 2. The starting materials composition. 

Starting materials Ratio 

(weight%) Precursors Solvent 

TEOS 

2-

methoxyethanol 

1 :2 

TIP 1 :2 

Gd(NO3)3·5H2O 1 :10 

La(NO3)3·6H2O 1 :10 
 

Figure 1.  Stages for the preparation of  TiO2- SiO2-La2O3  

microspheres via sol-gel and spray-drying processes. 
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Figure 2. DTA and TGA curves for the L0 samples.

2.  Nanostructured titanium silicates microspheres with low lanthanum content 

(50-x)%TiO2·(50-x)%SiO2·x%La2O3 (x = 0, 1, 5, 10) – further denoted as L0, L1, L5, L10. 

 2.1 Thermal analyses 

Thermal properties of the as-

prepared samples were studied by 

TGA-DTA analyses, used in order to 

distinguish the water loss, the 

organic component decomposition, 

the removal of nitrates, the 

beginning of the nucleation process 

and also the temperature of the 

maximum crystallization process and 

of the solid phase transition. The DTA curves were also used in order to establish the heat 

treatment temperatures required for obtaining amorphous samples without precursor’s 

residues and polycrystalline oxide samples. Having in view the DTA data, the thermal 

treatment temperatures were settled at 350, 600, 700, 800, 900, 1000, 1100 and 1200°C. In the 

Figure 2 can be seen an example for L0 sample. 

2.2 XRD  

X-ray diffraction patterns of the as-prepared samples and of those heat treated at 

350°C ones show an amorphous structure as revealed by the broad characteristic diffraction 

peak between 2θ ~ 20° and 30° (Figure 3). This peak is slightly shifted for the heat treated 

microspheres above 350°C suggesting that another kind of arrangement exist inside of the 

amorphous state as a result of further dehydration and decarbonisation process that occurred 

after applying such thermal treatments. The L10 sample maintain the amorphous character up 

to 800°C, while the samples without and with less lanthanum content (L0, L1, L5) developed 

nanocrystals for the same annealing temperature and even for 700°C temperature (L0 and L1). 

At this temperature the X-ray patterns of these vitroceramics obtained after 30 minutes heat 

treatment at 700°C (Figures 3) show that in the glass matrix the crystalline phase identified as 

TiO2 – anatase (21-1272) [23] was developed. 

By increasing the heat treatment temperature, it is evidenced from the XRD patterns 

(Figure 3) that the first crystallization for the L0 and L1 samples is associated to anatase 

formation, while in the L5 sample first crystallise the rutile (21-1276). It seems that for L10 
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sample both anatase and rutile phases appear simultaneous at 900°C. By increasing the 

thermal treatment temperature one can observe that the amount of the rutile phase increases 

for the L0, L1 and L5 samples, while for L10 sample this crystalline phase decreases. An 

important aspect can be observed (Figure 3) for the L1 sample, where the anatase phase is 

present up to 1100°C, thus result will be confirmed by Raman analyses presented next (Figure 

9).  

A new phase La4Ti9O24 (83-0946) can be identified after 1100°C heat treatment for L1 

and at 1000°C for systems with higher lanthanum content (L5 and L10). Beside this dominant 

phase, La2O3 (22-0369) crystalline phase can be also observed at this temperature for the L5 

and L10 systems. By increasing the thermal treatment temperature another two phases are 

developed: SiO2 (coesite) (46-1045) and an unidentified lanthanum based crystalline phase. 

We can assume that this unidentified phase is based on lanthanum-titanium oxide (LaxTiyOz). 

  

 

 

Figure 3. XRD patterns for the L0, L1, L5 and L10 samples. 
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2.3 SEM  

The as-prepared samples were found to be microspheres as can be seen in (Figure 4). 

The SEM results show the obtained particles are very well defined and have a spherical shape 

with a diameter between 0.1 μm and 5 μm with a smooth surface without visible pores on the 

surface (Figure 4). For the samples 10% lanthanum content one can see that the microspheres 

walls have traces due to the collision with other microspheres in the spray cylinder. By 

increasing lanthanum content the microspheres walls are probably less rigid and can be 

distorted much easier. The traces have different sizes because the microspheres which 

produce them have different sizes. 

    
Figure 4. SEM images of the as-prepared L0, L1, L5 and L10 microspheres. 

 

Scanning electron microscopy offers a better insight (Figure 5 and 6) regarding the 

coverage of titanium oxide nanocrystals by silica in amorphous state. In this respect it was 

used an ion beam cutting procedure performed by dual-beam FIB system in order to obtain 

cross-sectioned samples. By performing the cross-section it was proved that the microspheres 

are not hollow, like alumina-silicate microspheres reported for our group before [24]. 

  
Figure 5. The SEM images (at different 

orientation) of the as prepared microspheres 

belonging to the L0 sample. Cross-section 

was performed by gallium ion beam cutting 

(A = edge, B = cross - section). 

Figure 6. The SEM images (at different 

orientation) of the 1100°C thermally treated 

microspheres belonging to the L0 sample. 

Cross-section was performed by gallium ion 

beam cutting (A=edge, B=cross-section). 

In the Figure 7 there are presented the SEM imagines for the 1100°C thermal treated 

samples belonging to the L0, L1, L5 and L10 samples at different magnifications. Can be 

observed the nanocristallites that are developed on the microspheres surface, according to 

XRD patterns. 
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Figure 7. SEM imagines of the 1100°C heat 

treated L0, L1, L5 and L10 microspheres (a, 

b - different magnifications). 

 

Table 3. The assignment of the selected 

infrared absorption bands of the as-prepared 

and heat treated samples. 

Wavenumber (cm
-1

) Band assignments 

1650 HOH 

1597 C=C 

1509, 1406, 1382 C-O, CO2 

1046 CH3 

939 C-C 

1080, 950 Ti-O-Si 

800-650 Ti-O-Ti (Rutile) 

640, 525, 470, 410 La-O, La2O3 

884, 845, 532, 476 Si-O-Si 
 

 

2.4 FTIR 

The recorded FTIR spectra fot L0 and L10 samples are presented in the Figure 8 and and the 

infrared absorption bands assignments in Table 3. 

  

Figure 8. FTIR spectra of the L0 and L10 samples. 
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2.5 Raman  

There is no interpretable signal in the Raman spectra of the samples annealed at 350, 

600, 700 and 800°C thermal treated samples due to the fluorescence phenomena. In the 

(Figure 10) one can see only the D and G carbon vibration bands specific that overlaps with 

the fluorescence one. 

For the L1 sample (Figure 9), the bands at 150, 400, 525 and 645 cm
-1

 can be 

associated with the anatase phase that is clearly observed in the case of the sample heat 

treated at 900°C. By increasing the thermal treatment temperature the peaks intensity 

increases and we can see also the anatase peaks until 1100°C, which result was shown by 

XRD patterns. These Raman peaks disappear from the spectrum of the sample annealed at 

1200°C. The presence of the anatase phase until such a high temperature (1100°C) is the 

highlight of this research.  

  

Figure 9. Raman spectra of the L1 samples. Figure 10. Raman spectra of the L0, L1, L5 

and L10 microspheres, 350°C thermal treated. 

The insert specum represent an example for 

600°C heta treatment – L5. 

2.6 EPR 

The gadolinium doping allowed using Gd
3+

 ions as paramagnetic resonance centres 

sensitive to their surrounding and able to inform on the structural changes occurred in their 

vicinity due to changes in the matrix composition and in the crystallinity degree [25-28]. 

When Gd
3+

 ions are introduced in low concentrations in glass matrices, they usually exhibit 

three typical signals with effective g-values of g ≈ 5.9, 2.8 and 2.0, due to Gd
3+

 ions located at 

sites with intermediate and weak crystal fields respectively, a characteristic of so called U-

spectrum of Gd
3+

 ions in disordered matrices [25,26,29,30]. All the spectra are dominated by 
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a large line centered at g ≈ 2.0, that reflects a relaxed and desordered vecinity in the 

amorphous matrices, but small features at g ≈ 5.9 and 2.8 are also observed. This indicates 

that there are sites in the non-crystalline matrices where the Gd
3+

 ions are experiencing 

intermediate field. The linewidth at g ≈ 2.0 of the EPR spectra, which directly reflects the 

changes in the spin-lattice relaxation rate and most importantly the structural disoder arround 

Gd
3+

 ions, changes by heat treatment at higher temperature. 

The structural changes induced in amorphous titanium-silicates samples by heat 

treatment are well reflected in the EPR spectra of partially crystalline samples (Figures 11). 

The large line with g ≈ 2.0 in all heat treated microspheres shows that Gd
3+

 ions are 

preponderantely disposed in the residual non-crystalline phase, experiencing weak crystal 

fields, resulting from structural relaxation, but with still a high degree of disorder arround 

them. The EPR spectra indicate that the thermal annealing process plays a significant role in 

the formation of additionally paramagnetic centres.  

For the as-prepared microspheres the EPR signal comes only from Gd
3+

 ions. For the 

L0, L1 and L5 heat treated microspheres the peak around g~2.004 can be attributed to oxygen 

vacancies [31]. For the L10 system this signal is not present and can conclude that the 

lanthanum addition inhibits the oxigen vacancies formation. 

Similar EPR signal with the one arround g~2.004 has been observed in C-doped 

anatase [32], B-doped TiO2 [33] or N-doped TiO2 [34]. It was [35] also assigned in the 

literature the signal at g = 2.003 – 2.005 to the one electron trapped on the oxygen vacancy.  

For the microspheres with lanthanum content new phases containing lanthanum are 

developing at this high thermal treatment according with XRD patterns (Figures 3). EPR 

spectra evidence the Gd
3+

 integration in these phases. The EPR spectra at high heat treatments 

are complicate to be resolve because of the multitude of phases developed at this temperature. 

For the 1100 and 1200°C the Gd
3+

 ions are probably integrated in the unidentified phase for 

the both L5 and L10 systems (Figure 11). 
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Figure 11. EPR spectra of the as-prepared and annealed L0, L1, L5 and L10 samples. 
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According to Q
(n)

 notation, where n ≤ 4 represents the number of bridging oxygen, the values 

of the chemical shifts denote the presence of certain silicate units/species [36].  

The distribution of silicate tetrahedra can be estimated from 
29

Si MAS- NMR spectra 

by deconvolution with components having chemical shifts corresponding to different Q
(n)

 

units. The 
29

Si MAS- NMR spectra deconvolution was realized with DmFit program [37]. 

The 
29

Si MAS NMR spectra of the L0, L1, L5 and L10 as-prepared sample (Figure 12) 

indicate the presence of Q
4
, Q

3
, Q

2
, Q

1
 and Q

0
 units. The deconvolution procedure performed 

for all samples (illustrated an example in Figure 13 for L5 as-prepared sample) led to the 

results summarized in Table 4.  
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From the chemical shift of the Q
n
 units (Table 4 and Figure 12) can be observed a 

slight shift to higher ppm values, result that indicates that some changes of the SiO2 units took 

place in the amorphous matrix, by increasing the lanthanum content. The relative fraction of 

the Q
n
 units and the width of the corresponding lines were calculated (Table 4) and 

represented in the Figure 12 for the as-prepared L0, L1, L5 and L10 samples. From these data 

can be concluded that the L0 sample shows the highest degree of disorder (compared with L1, 

L5 and L10 samples), while the L1 sample shows the lowest one. 

From the NMR results we can conclude that SiO2 segregation took place, by 

increasing the lanthanum content. 

  

Figure 12. 
29

Si NMR spectra of the L0, L1, 

L5 and L10 as-prepared samples. 

Figure 13. 
29

Si NMR deconvolution of the 

experimental spectrum of the as-prepared L5 

sample. 

 

Table 4. Isotropic 
29

Si chemical shift (A), relative fraction (%) (B) and width (C) of Q
n
 units 

data for the as-prepared L0, L1, L5 and L10 microspheres.  
Qn (ppm) 

X (% La) 
Q0 Q1 Q2 Q3 Q4 

0 -75 -81.28 -89.99 -101 - 

1 -70.82 -82.05 -91.12 -99.64 - 

5 -75 -83.7 -92.3 -101 - 

10 -72.93 -82.1 -92.6 - -109.13 
 

Qn (%) 

X (% La) 
Q0 Q1 Q2 Q3 Q4 

0 6.98 10.11 61.9 21 - 

1 14.51 36.32 31.22 17.95 - 

5 7.04 21.91 34.06 36.7 - 

10 6.81 9.89 71.13 - 12.16 
 

 
Qn (ppm) 

X (% La) 
Q0 Q1 Q2 Q3 Q4 

0 -75 -81.28 -89.99 -101 - 

1 -70.82 -82.05 -91.12 -99.64 - 

5 -75 -83.7 -92.3 -101 - 

10 -72.93 -82.1 -92.6 - -109.13 
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2.8  XPS 

XPS survey spectra showed the presence of C, O, Si, Ti and La as it was expected 

(Figures 14 and 15). Upon further analysis performed by using high resolution, XPS core 

level spectra were obtained for Si 2p (110-90eV), Ti 2p (470-450eV), La 3d (870-820eV), O 

1s (545-520eV) and C 1s (295-270eV), presented and detailed in the thesis. Carbon 

adsorption usually takes place on all surfaces exposed to the atmosphere and is detected by 

the XPS technique, but it can also originate from the organic molecule, which are not 

completely removed from the nanoparticles surface and to the adsorbed carbon dioxide [38].  

  

Figure 14. XPS survey spectra of the L0 

microspheres. 

Figure 15. XPS survey spectra of the L5 

microspheres. 

 From Tables 5 can be observed that the carbon concentration on the surface deacreases 

by increasing the heat treatment temperature as a result of the organic compounds 

removement. The relative percentage of the main components before and after heat treatment 

determined from the survey spectra of both systems reveals that the amount of Ti 2p at the 

surface decreases by appling the thermal treatment, while the percentage of Si 2p at the 

surface increases, concluding that the microspheres surface is covered by a silica layer. 

Table 5. Relative percentage of the main components before and 

after heat treatment determined from the survey spectra of the L0 and L5 microspheres. 
 

T(°C) 

Elemental composition 

(at.%) – L0 Ti/Si 

O C Ti Si 

as-

prepared 
50.2 30.3 9.3 10.2 0.91 

350
 o
C 50.1 21.7 10.9 17.3 0.63 

700
 o
C 50.1 19.6 10.2 20.1 0.5 

900
 o
C 49 22.3 7.5 21.2 0.35 

1100
 o
C 52.4 8.4 2.3 36.9 0.06 

 

T(°C) 

Elemental composition 

(at.%) – L5 Ti/Si 

O C La Ti Si 

as-

prepared 
43 42.6 1.3 5.7 7.4 0.77 

350
 o
C 49 32.3 1.7 8.5 8.5 1 

700
 o
C 51.4 27.6 1.6 8.4 11 0.76 

900
 o
C 70.2 13.2 1.4 3.4 11.8 0.28 

1100
 o
C 62.2 7.8 0.9 3.4 25.7 0.13 
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3. Nanostructured titanium silicates microparticles with high lanthanium content 

(50-x)%TiO2·(50-x)SiO2·xLa2O3 (x = 15, 20, 50) - further denoted as  L15, L20 and L50  

3.1 XRD  

The XRD patterns of the L15, L20 and L50 samples show (Figures 16) different 

crystalline phases. In the 350-600°C temperature range only the La2CO5 (23-0320) phase is 

evidenced for all L15 and L20 samples. The diffraction pattern for L50 sample shows that the 

microparticles are mainly amorphous but some reflections due to the nucleation process of 

La2CO5 crystalline phase occur beginning from 650°C.  

By increasing the calcination temperature, the decomposition of this phase took place, 

according with DTA data and La2O3 (05-0602) crystalline phase developed: 

La2O2CO3     La2O3+ CO2 

The transition temperature from La2CO5 to La2O3 crystalline phase increases by   

increasing the lanthanum oxide.  

Because of the shape of the XRD pattern at 700°C for the L50 sample it was difficult 

to identify the phases that are developing at this temperature. Therefore there were performed 

two additional heat treatments at 650 and 730°C. If the La2CO5 to La2O3 transition was 

completed at 700°C for the first two systems (L15 and L20), the XRD patterns for the third 

one (L50) evidenced that the both phases coexist (La2CO5 and La2O3) at this temperature and 

the transition is completed only at 730°C. After (Figure 16) the calcinations at 700°C, 

mixtures of several lanthanum oxycarbonates were obtained for L50 sample, in good 

agreement with the literature [39].  

The La2O3 phase is developing from 700°C for the L15 and L20 samples and can be 

observed until 1000°C and 1200°C termal treatments, respectively.  

Above 700°C calcinations temperature, nearby the La2O3 crystalline phase resulted by 

La2CO5 decomposition, a small amount of TiO2-rutile phase is developing for L15 sample and 

can be identified up to 1200°C. This phase can be evidenced for L20 sample in the 800°C - 

1200°C temperature range. Should be noted that the rutile phase is not developing at any 

thermal treatment for the microparticled with highest lanthanum content (L50).  

By increasing the thermal treatment at 1000°C the La2Ti2O7 phase is developed for 

L15 and L20 samples. Beside La2Ti2O7 phase, SiO2 (coesite) phase and small amounts of 

other crystalline phase are developed. At 1100°C and 1200°C the La2Ti2O7 crystalline phase 

cannot be observed and the LaxTiyOz phase developed at 1000°C become predominant nearby 

the coesite phase.  
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The XRD patterns for the L50 system heat treated from 800 up to 1200°C show the 

development of three phases: La9.33Si6O26 apatite phase (49-0443), La2TiO5 (15-0335) and 

SiO2 (coesite). One can observed that the developing temperatures for apatite phase, SiO2 and 

La2TiO5 are 800°C, 900°C and 1000°C, respectively. All these three phases can be identified 

in XRD patterns for the 1100°C thermal treated microparticles. The increase of the calcination 

temperature leads to the increase of the intensity peaks of these phases.  

The crystallization temperature of this apatite phase is quite low compared to single-

phase La9.33Si6O26 prepared by a solid-state reaction (1500°C) [40,41].  

  

 

Figure 16. XRD patterns of the L15, L20 and L50 samples. 
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3.2 SEM  

In the SEM images for the as prepared samples (Figure 17) one can see that only in the case of 

L15 were obtained microspheres. The L15 microspheres’ walls have more traces due to the 

collision with other microspheres in the spray cylinder than the L10 ones presented before. By 

increasing the thermal treatment cannot be observed a spherical shape, but an enhanced 

microparticles agglomeration (Figure 18). The spray dried samples with higher lanthanum 

content consists in microparticles as can be observed in Figure 18. 

 
Figure 17. SEM imagines of the as-prepared L15, L20 and L50 microparticles. 

 
Figure 18. SEM imagines for L15 sample at different thermal treatments and magnifications 

(a, b). 

By increasing the heat treatment for the highest lanthanum concentration sample (L50) 

the particle size occur diminished due to both removal of water and organic molecules still 

resident in the spray dried samples and to densification and structural changes [42]. The 

diminished microparticles lead to the formation of high porosity degree agglomerations. 
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Figure 19. SEM images of the L50 microparticles at different thermal treatments and 

magnifications (a, b, c, d, e, f , g). 

 

3.3 FTIR  

  

 
Figure 20. FTIR spectra of the L15, L20 and L50 microparticles. 
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The recorded FTIR spectra for L15, L20 and L50 samples are presented in the Figure 

20 and the infrared absorption bands assignments in Table 6-8. 

    Table 6. Infrared absorption bands assignments of the as-prepared and 350, 600, 700°C 

L15 and L20 annealed samples. 

T(°C) Wavenumber (cm 
-1

) 
Band assignments Phases 

as-prepared  350°C 600°C 700°C 

1622    HOH band  

1455 ,1340 1523,1360 1523,1360,1460 1500,1364,2344 CO3
2-

 La2CO5 

826 850 850  CO3
2-

, Si-O La2CO5 

 662 662 662 OCO La2CO5 

 518 518  CO2
- 

La2CO5 

Table 7. Infrared absorption bands assignments of the 800, 900, 1000, and 1100°C L15 and 

L20 annealed samples. 

T(°C) Wavenumber (cm
-1

) Band 

assignments 
Phases 

800°C 900°C 1000°C 1100°C 

475 1105,475 1105 1114 La-O La2O3 

  950-1065 950-1065 La-O-Si  

  842-884 842-884 Si-O
- 

SiO2 

  760,650,556,492,466,420 760,650,556,492,466,420  LaxTiyOz 

 Table 8. Infrared absorption band assignments of the as-prepared and 350, 650 and 730°C 

L50 annealed sample. 

T(°C) Wavenumber (cm 
-1

) 
Band assignments Phases 

as-prepared 350°C 650°C 730°C 

1638 1638 1638 1631 HOH band  

1455 ,1340 1485,1386 1485,1378 1485,1378 CO3
2-

( 1) La2CO5 

835 889 889 858 CO3
2-

(3) La2CO5 

   491, 639 cm
-1

 La-O La2O3 

 

Table 9. Infrared absorption band assignments of the 800, 900, 1000 and 1100°C L50 

annealed sample. 

T(°C) Wavenumber (cm 
-1

) 
Band assignment Phases 

800°C 900°C 1000°C 1100°C 

1634    H2O  

913-521 913-521 913-532 913-524  La9.33Si6O26 

958 958 958 958 La-O-Si  

  852-983 852-983 Si-O
- 

SiO2 

3.4 Raman  

 The Raman peaks observed at 240, 355, 758, and 840 cm
-1 

(Figures 21) are assigned to 

apatite phase La9.33Si6O26, in good agreement with the Raman spectrum of apatite lanthanum 

silicate phase in reported by Rodriguez-Reyna et al [43]. As we can see these bands appear 

from 800°C heat treated sample and are increasing in intensity with calcinations temperatures, 

these results are a good correlation with XRD patterns. 
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Figure 21. Raman spectra of the La50 sample. 

Table 10. The main Raman spectral 

bands for L50 sample. 

Raman 

wavenumber (cm
-1

) 

Band 

assignement 

1070 La2CO5 

310, 355, 445 La2O3 

240, 270, 355, 375, 

840 
La9.33Si6O26 

90, 780 La2TiO5 

125, 206, 390, 510 SiO2 

935 Si-O-Ti 

800 Si-O-Si 

755 
 Si-O and O-Si-

O 

705 Ti-O-Ti 

605  Si-O 
 

The two characteristics band around 840 and 390 cm
-1

 can be assigned to the 

symmetric stretching mode of SiO4 group [44]. The bands at 125, 206, 390, and 510 cm
-1

 

indicate the presence of coesite SiO2 phase, and the band around 520 cm
-1

 is
 
associated with 

the asymmetric bending mode of SiO4 tetrahedra and its grow with the calcinations 

temperature could be observed. It appears, therefore, that La ions have an ability to 

depolymerise the silica network, producing SiO4 units that will be investigating in the apatite 

phase [45]. The Raman spectra show an intense band at 1070 cm
-1  

assigned to lanthanum 

carbonate [46,47] for the 350, 600 and 700°C treated samples. These results are good 

agreement with XRD results. 

3.5 EPR  

In the EPR spectra can be observed the same so called U-spectra characteristic for the 

Gd
3+

 ions, as we describe before for the samples with lower lanthanum concentration. For the 

microparticles heat treated at 1100°C and 1200°C one can see that the lanthanum prevents the 

formation of oxygen vacancies. According with XRD patterns of the microparticles with high 

lanthanum content a new crystallin phase are developing at high thermal treatment and the 

EPR spectra indicating the integration of Gd
3+

 ions in these phases. The ionic radii for Gd
3+

, 

Ti
4+

, Si
4+

 and La
3+

 are 0.93, 0.68, 0.5 and 1.06Å, respectively. The Gd
3+

 ions can easly 

substitute the Ti
4+

 place due to to their ionic radii which are very close in values. Therefore 

can be concluded that the Gd
3+

 ions are integrated in the La2Ti2O7 phase for the both L15 and 

L20 systems heat treated at 1000°C. Considerring the ionic radii values for Gd
3+

 and La
3+

 can 

be assume that the Gd
3+

 ions are integrated for lanthanum containing heat treated samples in 

the unidentified phase which should be a lanthanum based phase LaxTiyOz (Figure 22). 
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It is known that the fully decarbonated La2O3 can generate paramagnetic superoxide 

ion, detectable by EPR [48] around g ~ 2.000±0.001. It has been demonstrated also that in 

insulators materials at elevated temperature holes and electrons may be traped at certain oxide 

ions and by molecular oxigen, respectively, to form O
-
 and O2

-
 centres [49]. The EPR spectra 

of O
2-

 on La2O3 is also known to have a paramagnetic signal at g ~ 2.006, but can increase by 

0.003, the variation beeing reflected by the problem of removing carbonate impurities from 

the surface [50]. The EPR signals for the L15 and L20 systems heat treated from 700 to 

1000°C and 700 to 1200°C, respectively (red spectra), can be discussed acoording with Xiang 

results. Should be also mentioned that in the XRD patterns for these samples can be 

evidenced the La2O3 phase. 

  

 
Figure 22. EPR spectra of the L50 microparticles. 

The EPR results show (Figure 22) for the as-prepared and 350°C heat treated L50 

sample the U-spectrum of Gd
3+

 with characteristic lines at g=5.9, g=4.8, g=2.85, g=2.0, after 

the 600°C the samples exhibits an EPR asymmetric signal characteristic of O2
-
. In the case of 
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L50

L15

Figure 23. 29Si NMR sperctra of L15 and L20 as-prepared samples

La2O3 the value gzz=2.063-2.093 have been reported by Loginov at al. This problem may 

reflect the problem of removing carbonate impurities from the surface [49]. The signal for 

700°C heat treated sample exhibits a line shape with different g values (gzz=2.044, gyy=2.009, 

and gxx=2.005) that are in good agreement with those obtained for O2
-
 in La.  For the L50 

sample the Gd
3+

 ions are integrated in the apatite phase that is developing above 800°C. 

3.6 NMR  

 There were registered the 
29

Si MAS-

NMR spectra for the L15 and L50 as-

prepared microparticles and performed 

deconvolution with components having 

chemical shifts corresponding to different 

Q
(n)

 units in order to estimate the 

distribution of silicate tetrahedra. 

The 29Si MAS NMR spectra of the L 15 and L50 as prepared samples (Figure 23) 

indicate the presence of Q
4
, Q

2
, Q

1
 and Q

0
 units, presented also in the sample with lower 

lanthanum content. From the chemical shift, relative fraction (%) and the width of Q
n
 units, 

no significant differences can be observed between these samples. However, can be observed 

that in the L50 microparticles are slightly higher degree of disorder. 

Table 11. Isotropic 
29

Si chemical shift (A), relative fraction (%) (B) and width (C) of Q
n
 units 

data for the as-prepared L15, L50 microparticles. 
Q

n
 (ppm) 

X (% La) 
Q

0 
Q

1
 Q

2
 Q

4
 

15 -75.87 -86.33 -97.96 -110 

50 -75.87 -85.5 -94.84 -109.34 
 

Q
n
 (%) 

X (% La) 
Q

0 
Q

1
 Q

2
 Q

4
 

15 3.53 16.87 63.28 16.32 

50 1.75 17.23 78.3 2.73 
 

 

Q
n
 (ppm) 

X (% La) 
Q

0 
Q

1
 Q

2
 Q

4
 

15 7.51 12.54 19.06 21.36 

50 13.81 18.1 23.28 9.31 
 

3.7 XPS  

The development of different crystalline phases on the material’ surfaces have 

important application in the catalyse field. L15: From the relative percentage of the main 

components determined before and after the differents heat treatments (Table 11) can be 

observed that the lanthanum percentage increase on the miroparticles surface up to 350°C 

thermal treatment. For the 350°C thermal treatment one can see that only La, C and O atoms 

are presented on the microspheres surface and the atomic percentage for these elements are 

compared to the one calculated for La2CO5. By corelating this analysis with XRD results 
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where La2CO5 is the only crystalline phase developed at this temperature, one can conclude 

that the La2CO5 phase predominates on the samples surface. This result is very important for 

the catalyst application. The carbon concentration on the surface decreases due to the both 

residual carbonates from the precursors and La2CO5 decomposition into La2O3, according 

with XRD results. 

 

Table 12. Relative percentage of the main 

elements for L15 sample determined before 

and after the different heat treatments 

T(°C) 
Elemental composition (%at)  

O C La Ti Si Ti/Si 

as 

prep 
42.82 50.98 2.59 3.61 - - 

350 63.2 20.4 16.4 - - - 

700 62.43 21.33 15.8 0.44 - - 

900 63.9 14.19 19.42 2.49 - - 

1100 47.72 27.71 7.47 9.9 7.2 1.37 
 

Figure 24. Survey spectra of the L15 microspheres. 

L50: Can be observed in the as prepared survey spectra the presence of N 1s. The Table 19 

shows the percentage of the atomic concentrations of the main components for different heat 

treatments. The Pauling electronegativity value of Ti is 1.5 and of La is 1.1 [51,52]. In this 

case the possibility of electron transfer from lanthanum to titanium is favourable in Ti-O-La 

bridges. 

 

Table 13. Relative percentage of the main 

components for L50 sample determined before 

and after the different heat treatments  
T(

o
C) O C La Si Ti Ti/Si 

as 

prep 
50.7 38.8 4.9 4.3 1.3 0.3 

350 53.64 22.05 15.68 5.43 3.2 0.59 

700 62.99 14.69 21.71 - 0.61 - 

900 58.18 13.55 21.33 4.10 2.84 0.69 

1100 55.68 12.72 22.45 6.11 3.04 0 .49 
 

Figure 25. Survey spectra of the L50 microparticles. 
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CONCLUSIONS  

 

There were synthesized by spray drying the hydrolysed and polycondensated 

titanosilicate sol, microparticles of less than 5 μm in diameter and specific nanocrystals were 

developed by thermal treatments. The pH was adjusted to a suitably low value to stabilize the 

sol by minimizing the rate of polycondensation, thereby allowing storage stability of the sol 

prior to spraying. The spray-dry method was successfully used for the chosen materials 

synthesis because of the flexibility to obtain multi-component oxide systems under a 

relatively low temperature. From manufacturing point of view, this method offers the 

advantage of being single-step process that can be readily scaled up. Using this technique the 

number of unit operations is reduced, improving production efficiency and reducing costs, 

especially since spray drying is a technique that can be easily automated and equipped for in-

line product analysis.  

The as-prepared microspheres were found to be non-crystalline confirmed by XRD 

patterns. The DTA curves distinguish the water loss and the organic component 

decomposition temperatures and also the temperature of the maximum crystallization process. 

By XRD patterns have been identified the crystalline phases (anatase, rutile, SiO2, La2O3, 

La2Ti2O7, La2TiO5, La4Ti9O24 and La9.33Si6O26 apatite phase) formed in polycrystalline 

microparticles obtained after heat treatments and it was also found that lanthanum content 

fosters the formation of nanocrystallites with smaller size. This decreasing of the crystallites 

size is an important phenomenon in catalysis process. The presence of La9.33Si6O26 apatite 

phase in samples with high lanthanum content makes these materials suitable in fuel cells, 

oxygen sensors or separation membranes applications. For the 20% La2O3 and especially for 

15%La2O3, the predominant phase developed was La2Ti2O7, an intensively investigated phase 

in the literature for being a pyrochlore structure, potentially useful for a range of technological 

applications. 

The samples were doped with gadolinium in order to extend the investigation of the 

samples by electron paramagnetic resonance spectroscopy, one of the most efficient methods 

for the characterisation of local order and magnetic interaction in crystalline and non-

ctystalline systems. The changes in the local order around Gd
3+

 ions support the assumption 
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that Gd
3+

 ions are integrated in the nanocrystalline phases developed after heat treatment 

substituting lanthanum from these phase. 

By increasing the La2O3 content in the titanosilicate matrix leads to high refractive 

index microparticles achieving. 
29

Si MAS NMR measurements have been evidenced the 

segregation of the SiO2 for the as prepared samples by increasing the lanthanum content. The 

sample with 1% La2O3 content seems to have the best amorphous character and a major 

achievement of this sample is the presence of anatase phase for this concentration until 

1100°C heat treatment. The presence of anatase phase was identified by XRD analysis and 

confirmed by Raman measurements.  

For the samples with low lanthanum content the XPS analyses point out that the 

thermally treated microspheres have surfaces rich in silica amount, while the titanium 

dominates inside. These results, completed by XRD patterns, SEM imagines and EDX 

analyses support the idea that the thermally treated microspheres surfaces are and remain 

covered by a silica layer in amorphous state. The thermal treated microspheres have a 

friendlier surface for future interaction with biological environments allowing them to 

integrate with the surrounding native tissue. 

 For a high La2O3 content (15-50%) La2CO5 crystalline phase is developed on 

the samples surface, a very important result for the catalytically application. The transition 

temperature from La2CO5 to La2O3 crystalline phase increases by lanthanum oxide addition to 

the matrix.  
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