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ABSTRACT. Spherical silica xerogels were synthesized by Stöber route 
using tetra-ethyl-orthosilicate (TEOS) in order to obtain good properties for 
opto-electronic and catalytic applications. The reactants mole ratio was  
n TEOS: H2O: ETOH: NH3 (where n = 0.098 ÷ 0.26: 0.45: 0.789: 0.06). To 
study these properties, we know from literature, that nanoparticles under 100 nm 
show unique electrical, mechanical and optical properties. We have choosen 
the optimum sample, with the smaller surface area and particles size of 91 nm. 
To improve the optical properties, this sample was further doped with 0.1% 
Ce3+. The obtained xerogel was thermally treated at 300, 600 and 900 oC. The 
changes in properties were put in evidence by morpho-textural (N2 adsorption–
desorption isotherms and SEM images) and optical measurements (FT-IR, 
Fluorescence and Raman spectra’s).  
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INTRODUCTION 

 
SiO2 has been considered a promising material as host matrix for rare 

earth elements because of its transparence and simplicity in synthesis [1]. 
Generally, lanthanide ions, such as Ce3+ have been incorporated in SiO2 
matrix to tune the catalytic and fluorescence properties [2].  

High annealing temperature of lanthanide doped nanomaterial’s 
forming lanthanide ion clustering leading to the phase separation and the 
nanoparticles sintering have a reduction in surface area. As applications of 
these nanomaterial’s, can be listed in optical domains, such as lasers [3] and 
as activators in SiO2 materials because they allow 4f-5d optical transitions [4]. 
A. Vedda [5] observed that by increasing the concentration of Ce3+ above 0.1%, 
led to a decrease in fluorescence, due to the formation of aggregates or by 
valence changes.  
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The sol-gel technique has the advantage over other methods because it 
yields materials with low density [6] this being an important factor for enhancing 
the fluorescence. The fluorescence of cerium doped SiO2 may be influenced 
by multiple factors like modification of the ligand field around the Ce3+ ions in 
silica, presence of hydroxyl ions, energy transfer by cross relaxation and 
concentration of dopants [7]. Therefore, it is important to distinguish between the 
fluorescence ascending from Ce3+ ions and of that arising from defect centers in 
the silica matrix. In parallel to optical studies, structural and morphological 
investigation appeared to be useful, and the present work is specifically aimed at 
shedding further light on the incorporation of Ce3+ ions into the sol-gel silica 
matrix. The purpose of this study was to investigate the morphological and 
textural properties and to put in evidence the fluorescence by doping with 
0.1% Ce3+ concentration and fired at three different temperatures. 

 
 

RESULTS AND DISCUSSION 
 
Firstly, the three xerogels obtained were characterized by physicochemical 

methods to underline the effect of TEOS concentration. In the second step we will 
effectively choose the optimum sample and we will add cerium as dopant to 
improve the fluorescent properties.       

Part I  

FT-IR Spectroscopy 

 Figure 1 shows the infrared transmission spectra of solid silica particles. 
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Figure 1. FT-IR spectra of dried (60 °C) silica xerogels with different [TEOS] 
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The broad absorption band around 3400-3600 cm-1 was assigned to 
stretching mode of the hydroxyl group and molecular water [8]. The peak at 
1635 cm-1 can be ascribed to the H-O-H bending vibration of the free water 
or the physically absorbed water [9]. The absorption bands due to Si-OH 
stretching and bending vibrations appeared at ~950 cm-1 [10]. The spectrum 
reveals intense bands at 1100 cm-1, 804 cm-1 and 468 cm-1 specific for Si-O-
Si stretching, Si-O- symmetric stretching and Si-O-Si asymmetric bending, 
respectively [9, 11]. The results indicate that all bands are suggesting the 
formation of a silica network. 

N2 adsorption - desorption isotherms  

The textural parameters of dried silica xerogels, evaluated by N2 
adsorption - desorption isotherms are presented in Figure 2.    

0,0 0,2 0,4 0,6 0,8 1,0
0

20

40

60

80

100

120

140

160

180

200

V
o

lu
m

e 
a

ds
o

rb
ed

 (
cm

3
/g

)

Relative Pressure (P/P
0 
)

 S5P24
 S5P26
 S5P28

 
Figure 2. N2 adsorption-desorption isotherms of dried xerogels 

 
According to IUPAC classification [12, 13] the N2 adsorption-desorption 

isotherms indicate for the sample with low TEOS concentration, S5P24, a 
type II isotherms, specific for non-porous materials. Also, this material presents a 
small percentage a type IVa isotherm with a type H3 hysteresis loop. With the 
increase of TEOS concentration, the N2 isotherm of sample S5P26 indicate a 
type IVa isotherms which are characteristic for mesoporous materials presenting 
a H3 hysteresis loop specific for aggregates and slit-shaped pores [12, 13]. 
For xerogel S5P28, with the highest concentration of TEOS, exhibits a type 
IVa isotherm with a H1 hysteresis loop, typically characteristic for cylindrical 
pores [12, 13].  
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From N2 adsorption-desorption isotherms, the textural parameters 
were evaluated and presented in Table 1. 
 

Table 1. Textural parameters of silica xerogels with different TEOS concentrations 

Xerogels BJH Adsorption 
pore diameter 

[nm] 

BJH Desorption 
pore diameter 

[nm] 

BET 
surface 

area [m2/g]

Total pore 
volume 
[cm3/g] 

Particle 
diameter* 

[nm] 
 

S5P24 3.63 3.03 29.8 0.061 91 
S5P26 15.22 8.94 49.2 0.013 55 
S5P28 15.32 9.03 112.8 0.030 24 

*Particle diameter was calculated with the: (Dparticle) = 6/Ssp*dSiO2*106  

 
In Figure 3 the pore size distribution was assessed from N2 adsorption-

desorption isotherms, using the method proposed by Barrett, Joyner and 
Halenda (BJH) [14]. The sample S5P26 and S5P28 indicate a wider unimodal 
pore distribution in the range of 10-20 nm. For xerogel S5P24 the pore size 
distribution indicates a very small diameter of pore with less than 4 nm.  
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Figure 3. Pore size distribution 

 

The particle sizes were calculated with the equation proposed by Sun 
et al. [15]. It was observed that the size of particles decreases with the 
increase of TEOS concentration. The decrease of particle size below 100 nm 
enables good optical transparency, especially for silica [16]. 
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The sample S5P28, with the maximum concentration of TEOS, presented 
the highest surface area value with a value of ~113 m2/g.   

SEM 

The morphology of the silica xerogels was evaluated by Scanning 
Electron Microscopy (SEM) and the SEM images are shown in Figure 4.  
 
 

 
 

 
 

  
a) b) c) 

Figure 4. SEM image of xerogels: a) S5P24 TEOS 0.098M,  
b) S5P26 TEOS 0.179M and c) S5P28 TEOS 0.26M. 

 
 

From Figure 4 it was observed that the amount of TEOS is very 
important to control the size of particles and morphology. It can be seen that 
by varying the TEOS concentration in the range 0.098-0.26M has a major 
impact on the morphology of silica xerogels. Correlating the data from SEM 
images with N2 adsorption-desorption isotherms we observed that as the 
amount of TEOS is increased above 0.098 M TEOS to 0.26M TEOS, the 
silica nanoparticles decrease in diameter ranging from 91 nm to 24 nm in 
diameter. The morphology for all samples indicates spherical shape. In case 
of sample S5P24 more irregular clusters are formed but in case of sample 
S5P28 the surface is smoother.  

Fluorescence spectra 

The Figure 5 a), b) shows the emission spectra in the range of 525-
750 nm, at a rate of 100 nm/min, of samples excited at 433 nm and 480 nm 
with the slit width of 10 nm for excitation and 7.5 nm for emission.  
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Figure 5. Fluorescence image of silica nanoparticles a) excited at 433 nm 
b) excited at 480 nm 

 

For sample excited at 433 nm the spectra indicate two main emission 
peaks at ~590 nm and ~635 nm. For sample excited at 480 nm the spectra 
present two main peaks at ~630 nm and 680 nm. With the increase of TEOS 
concentration the spectra reveal a bathochromic effect and by increasing 
more the quantity of TEOS a hypsochromic effect occurs. The shifts in all samples 
are almost the same. The sample S5P26 present the best fluorescence properties 
in both cases. Correlating our results with the literature we observed that all 
shifts and fluorescence properties of the samples are due to defects in 
structure formation.       

Raman spectra 

By using Raman spectroscopy, the three xerogels dried at 60 °C with 
different TEOS concentration were evaluated and presented in Figure 6.   

The results from Raman spectroscopy correlated with FT-IR spectra 
indicate for all samples a rather weakly developed peak situated at 435 cm-1 
corresponding to siloxane ring breathing mode (with 3 or 4 SiO- units) [17, 
18] or to bending vibrations in Si-O-Si bridges [19, 20]. Comparing the data 
with fluorescence spectra the results showed that the intensity of fluorescence 
is changing, the most prominent fluorescence is observed in the case of 
S5P26, followed in decreasing order by S5P28 and S5P24.  
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Figure 6. Raman spectra of xerogels dried at 60 °C 

 
 

The material with required properties was further doped with cerium 
in order to improve the fluorescence. Based on the results, the sample 
S5P24 was chosen due to small surface area and higher particle size.   

 

Part II 

In this second part, the selected material, S5P24 was doped with 
0.1% Ce3+ concentration and thermally threated at 3 different temperatures 
(300, 600 and 900°C).  
 

FT-IR Spectroscopy 

The FT-IR spectra of the blank xerogel sample S5P24 with 0.1% Ce 
concentration dried at 60°C and fired at three different temperatures are 
shown in Figure 7.  
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Figure 7. FT-IR spectra of xerogel S5P24 with 0.1% Ce3+ concentration dried at 

60°C and treated at different fired temperature 

After the cerium was added, the broad band at ~3440 specific for the 
–OH symmetric stretching from the surface hydroxyl group was observed 
[21]. By increasing the temperature, the bands specific to -OH are decreasing 
in intensity. Similar behavior can be seen for the bands at 1634 cm-1, possible 
due to the existence of residual free water resided in the pores of the xerogel. 
From Figure 7, the specific bands of silica at ~1100 cm-1, ~800 cm-1 and ~470 
cm-1 were observed. With the increase of temperature, the intensity of bands 
is more increased indicating the formation of [SiO4]4- tetrahedral units and  
Si-O-Si bonds [22, 23]. After thermal treatment at 300 °C, the Si-OH bonds 
observed at ~950 cm-1 starts to brake and above 600 °C the bands are 
disappeared due to decomposition of hydroxyl group. Due to small quantity 
of cerium introduced in synthesis of 0.1% Ce concentration, the bands 
specific are overlapped with the silica bands.   

N2 adsorption desorption isotherms  

The textural parameters of xerogels with 0.1% Ce concentration dried 
at 60°C and thermally threated at three temperatures was evaluated by N2 
adsorption -desorption isotherms and are presented in Figure 8.    
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Figure 8. N2 adsorption-desorption isotherms of xerogels with 0.1% Ce 

concentration dried at 60°C and fired at 300, 600 and 900 oC 
 

From Figure 8, according to IUPAC we can assume that sample 
S5P24-0.1% Ce_60C indicate a type IVa isotherm with a hysteresis of H3 
but in case of the fired sample the isotherms are type II isotherms. The 
textural parameters obtained are presented in Table 2.  

 

Table 2. The textural data of sample S5P24 with 0.1% Ce concentration  
dried at 60 °C and fired at 300, 600, 900 oC 

  

Xerogels BJH Adsorption 
pore diameter 

[nm] 

BJH Desorption 
pore diameter 

[nm] 

BET 
surface 

area [m2/g] 

Total pore 
volume 
[cm3/g] 

 S5p24-0.1% Ce_60C 5.670 4.965 22.6 0.057 

S5p24-0.1%Ce_ 300C 4.936 4.891 4.2 0.010 

S5p24-0.1%Ce _600C 4.965 4.951 4.0 0.007 

S5P24-0.1%Ce_900C 3.853 3.297 3.5 0.006 
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In Figure 9 the pore size distribution obtained by BJH method was 
presented.  
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Figure 9. Pore size distribution of xerogel sample S5P24 with 0.1% Ce 

concentration dried at 60°C and fired at 300, 600 and 900 °C 
 

Evaluating the results obtained we can conclude that, with the increase 
of temperature, the pore size distribution, surface area and total pore volume 
is decreasing indicating that the skeletal structure of silica shrinks.      

Fluorescence spectra 

Figure 10. a), b) shows the emission spectra of nanocomposites with 
cerium in the range of 525-750 nm, at a rate of 100 nm/min, of samples 
excited at 433 nm and 480 nm with the slit width of 10 nm for excitation and 
7.5 nm for emission. 

From Figure 10, by overlapping the emission bands, it has been 
observed that after fired the sample above 300 oC the intensity decreases 
because of pore collapsing [24].  
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a)      b) 

Figure 10. The S5P24@0.1%Ce3+ dried at 60 °C and S5P24@0.1%Ce3+ series of samples 
fired at 300, 600 and 900 °C, a) Excitation at 433 nm and b) Excitation at 480 nm 

 
For sample excited at 433 nm, the cerium nanocomposites indicate a 

small hypsochromic effect for the maximum at 593 nm in case of silica doped 
cerium and dried at 60°C. In case of sample excited at 480 nm, the cerium 
nanocomposites indicate no shifts in spectra.  

Raman spectra 

Figure 11 represent the Raman spectrum of S5P24 sample with 0.1% 
Ce concentration dried at 60°C and fired at 300, 600 and 900 °C. 
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Figure 11. RT Raman spectra of S5P24@0.1%Ce3+ dried at 60 °C and 

S5P24@0.1%Ce3+ fired at 300, 600 and 900 °C  
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The CeO2 exhibits a strong band at 462 cm-1 due to F2g Raman active 
mode. This bands corresponds to the triply degenerate F2g mode and can 
be viewed as a symmetric breathing mode of the oxygen atoms around 
cerium ions [25]. Also, from literature, the Ce-O stretching vibrations at 402 
and 490 cm-1, were found in cerium (II) oxide-hydroxide [26] In our case, the 
Raman spectra obtained shown a prominent band at 420 cm-1 meaning that 
cerium is present. Also, the Raman features of SiO2 are observed at 490 cm-1 
assigned to symmetric stretching modes of four-fold and three-fold rings of 
SiO2 tetrahedra [27]. 

Besides, it also exhibits a prominent 280 cm-1, which are attributed 
respectively to the normal Raman inactive (IR active) transverse and longitudinal 
optical photon modes at the Brillouin zone center (IR active) transverse and 
longitudinal optical photon modes at the Brillouin zone center [28].  
 
 
CONCLUSIONS 

 
Spherical silica particles were synthesized by sol-gel process, Stöber 

method. In this paper, was investigated how the precursor concentrations (TEOS) 
from 0.049 to 0.26 M TEOS affected the characteristics of the synthesized 
silica powders. Also, the fluorescence properties on the sample S5P24, with 
the lowest degree of fluorescence intensity, doped with 0.1%Ce3+ and fired 
at three different temperatures, were studied. For xerogels samples dried at 
60°C, the FT-IR spectra has showed the main specific bands for silica. From 
morpho-textural properties, for the sample S5P28 (0.26M) the highest pores 
diameter (9 nm from N2 desorption branch isotherm), and surface area (113 m2/g) 
were obtained. The spherical shape of the silica particles was due to ammonia, 
which acts as catalyst in Stöber process. From fluorescence spectra, by exciting 
the samples at two different wavelengths 433 nm and 480 nm, the best 
fluorescence properties for sample S5P26 were registered. From Raman 
spectroscopy, the prominent fluorescence also for sample S5P26, and the lowest 
intensity of fluorescence for sample S5P24 were showed. To improve the 
fluorescence, the sample S5P24 was co-doped with 0.1% Ce3+ concentration. 
Sintered at three different temperatures (300, 600, 900°C), the morpho-textural 
and fluorescence properties were investigated. By increasing the temperature, 
the surface area, pore size distribution and total pore volume were decreased. 
From FT-IR spectra, the bands specific for Ce3+ are overlapped with the silica 
bands. The fluorescence spectra exhibited an increase in fluorescence intensity for 
xerogel sample S5P24 doped with 0.1% Ce3+ concentration. The Raman spectra 
has shown that the band situated at 420 cm-1 validated the Ce3+ appearance. In 



MORPHO-TEXTURAL AND FLUORESCENCE STUDIES ON SIO2 AND SIO2@Ce3+ 
 
 

 
201 

conclusion, the major differences are observed in the obtained intensities of 
the spectra, in which case the samples doped with cerium have the highest 
intensity and therefore, superior fluorescence properties. 
 
 
EXPERIMENTAL  

Reagents 

Tetra-ethyl-orthosilicate (TEOS, 98% Merck), absolute ethanol (ETOH, 
99.8%, Riedel de Haën), ammonia (NH3, 25%, S.C. Silal Trading SRL);  
Ce2 (CO3)2*xH2O. 

Synthesis  

Three silica xerogels samples were synthesized by sol-gel technique 
using different molar ratios TEOS as silica precursor and NH3 as alkaline 
catalyst.  

In a 150 mL Berzelius glass, was added 10.5 mL ammonia solution of 
12.5% concentration was added in 42 mL ethanol. The solution was mechanically 
stirred ten minutes at ±50°C and 400 rot/min. After ten minutes, were added 
different amounts of TEOS (22, 40, 60 mL) and, the solution became opaque 
and precipitate, being left five hours to be mechanically stirred. The silica 
particles were centrifuged and washed with water and ethanol four times. 
The decanted solution was dried at the oven at 60°C for 12 hours. In Table 3 
and Table 4 it has presented the mole and amount of each reactants utilized 
in obtained of spherical silica xerogels.  

Table 3. Xerogel’s synthesis parameters 

Xerogels TEOS 
[Mol] 

H2O  
[Mol] 

ETOH 
[Mol] 

NH3 [Mol] NH3solution[%] 

S5P2-4 0.098 0.45 0.789 0.06 12.5% 
S5P2-6 0.179 0.45 0.789 0.06 12.5% 
S5P2-8 0.260 0.45 0.789 0.06 12.5% 

 

Table 4. Amounts of reactants 

 S5P2-4 S5P2-6 S5P2-8 
TEOS [mL] 22 40 60 
ETOH [mL] 42 42 42 
NH3solution 12.5%[ml] 10.5 10.5 10.5 
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Synthesis of S5P24@Ce3+ 

Silica doped with Ce3+ ions were synthesized by sol-gel technique 
using TEOS, ETOH, 12.5%NH3 as catalyst, Ce(III) carbonate hydrate 99%, 
Ce2(CO3)3*xH2O as material sources. During the preparation of silica 
nanocomposite, 42 mL ETOH was mixed in a beaker of 150 mL with 12.5% 
dilute aqueous NH3 solution (10.5 mL). The solution was mechanically stirred 
at ±50°C, 400 rpm for 10 min. After that, the 0.009 g of Ce (III) carbonate 
were added in the solution with 0.1% Ce3+ concentration and the solution was 
stirred 30 minutes. To ensure the hydrolysis and condensation reactions, 22 mL 
TEOS was added and the mixture was stirred for 5 hours at ±50°C (400 rpm). 
Then, the gels were washed with distilled H2O and ETOH four times, 
centrifuged and dried at 60°C (12 hours). Then, the nanocomposite was 
calcined at 300°C, 600°C and 900°C.  

Characterization 

BET (Brunauer-Emmett-Teller) technique was used to determine the 
surface area; BJH (Barrett-Joyner-Halenda) was used for determining the 
pore diameter; the both methods were determined from N2 adsorption-desorption 
isotherm by using a Quantachrome Nova 1200e. Size and morphology of 
samples were determined by Field Emission Scanning Electron Microscopy, 
(SEM). For SEM an INSPECT S (FEI Company, Holland) instrument has been 
used. FT-IR spectra were carried out as KBr pellets, in the 4000-400 cm-1 
range on JASCO 430 apparatus and the fluorescence has been measured 
with the Perkin Elmer spectrophotometer. Raman spectra was done with 
Shamrock 500i Spectrograph from Andor United Kingdom. 
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