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SOL-GEL PROCESSING AND PROPERTIES OF Eu3+ DOPED SiO2 - B2O3 GLASSES
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ABSTRACT

Eu3+ doped glasses from the SiO2 - B2O3 system containing up to 20 mol % B2O3 have been synthesized. To 
obtain a homogeneous glass, it was determined that a certain degree of hydrolysis of Si(OC2H5)4 was essential 
before B(OC2H5)3 could be incorporated. These glasses have been characterized by X - ray diffraction, DTA and 
IR spectroscopy. According to the XRD method, amorphous gels have been obtained. IR spectra exhibited bands 
in the 1700 - 620 cm-1 range which could be related to the vibrations of SiO4 and BO3 inorganic structural units. 
Characteristic emission peaks of Eu3+ ions were detected in the luminescence spectra. The obtained results confirmed 
that Eu³⁺ doped glasses are useful for optical applications. 
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INTRODUCTION

The sol - gel process offers a high degree of 
structural and compositional uniformity, making it 
a desirable synthetic route for developing advanced 
catalytic materials based on metals and metal oxides. It 
was first introduced by Ebelman in the mid‑nineteenth 
century has been widely developed in the past century 
for usage in fibers, glasses, ceramics, catalysts, coatings, 
composites, and construction materials [1]. In recent 
decades sol - gel chemistry has been used to synthesize 
different materials due to its several advantages in 
comparison with traditional methods. This method is 
better controllable, using lower temperature and yielding 
a structure with better composition homogeneity along 
with uniform distribution of large amounts of dopants 
in the glass host matrix [2].

Unlike conventional methods, the sol ‑ gel technique 
employs a low temperature synthesis route that provides 

precise control over the final microstructure. This 
approach enables the preparation of porous materials in 
a single “one - pot” process, ensuring a uniform atomic ‑
scale distribution of the components. A gel is defined 
as an interconnected network of solid-phase particles 
forming a continuous structure within a secondary, 
usually liquid, phase. In contrast, a sol consists of a 
colloidal dispersion of solid particles. These two states 
represent the fundamental phases involved in sol - gel 
chemistry [3 - 5]. The sol - gel method offers several 
advantages, including high yields, low processing 
temperatures, and reduced production costs. Moreover, 
this synthesis route provides unique benefits, particularly 
the ability to tailor the physicochemical properties 
of the resulting materials by carefully adjusting the 
parameters involved in each step of the process. It is 
well established that sol - gel techniques offer several 
advantages, including low processing temperatures, low 
production costs, and excellent product yield. Moreover, 
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by carefully adjusting the parameters that influence each 
stage of the synthesis, the sol - gel technique enables 
precise control over the physicochemical properties of 
the resulting materials.

The sol - gel process is widely regarded as a form 
of “soft chemistry”, distinguishing it from conventional 
industrial methods for producing glass and ceramic 
materials, which typically require high temperatures. Today, 
the term is broadly used to describe the synthesis of solid 
materials, especially metal oxides, from solution - based 
precursors [6 - 11] and has been extensively reviewed 
in the literature [2, 7, 9, 11].

For several years, researchers have been studying 
and using rare earth - doped glasses in a range of optical 
applications, including solid state lasers, fluorescent 
devices, white light emitting diodes (LEDs), plasma 
display panels (PDPs), and optical fiber amplifiers 
[12, 13]. Due to their outer - shell electrons of half -
filled f orbital, rare earth ions can provide unique 
optical characteristics in glass matrices [14]. However, 
clustering could result from high rare earth doping levels. 
Both the luminescent characteristics and the irradiative 
combination are quenched by clustering [15, 16].

In this paper, SiO2 - B2O3 glasses doped with Eu3+ 
were synthesized through sol - gel method and the 
influence of the glass matrix on the thermal and structural 
properties were studied.

EXPERIMENTAL

Preparation of the sol - gel glasses
In this study, two compositions from the SiO2 - B2O3 

system were investigated. The main used precursors were 
Si(OC2H5)4 (Sigma - Aldrich), B(OCH2CH3)3 (Triethyl 
borate) (Merck KGaA, Germany), Eu(NO3)3·5H2O 
(Sigma - Aldrich). The hydrolysis, polymerization, 
and gelling were completed in about 18h. The gel was 

initially dried at room temperature for several days.  
The batch formulations used for preparing the 

compositions are presented in Table 1. In the first stage 
of the synthesis, the Si(OC2H5)4 was hydrolysed with 
predetermined amounts of water, HCl, and C2H5OH. 
After 1h, B(OC2H5)3 was added to the batch along with 
the Eu3+ solution.

The dissolving in alcohol was performed by vigorous 
magnetic stirring. Homogeneous and transparent gels 
were obtained. The measured pH during the experiments 
was about 4 - 5. The detailed representation of the 
experimental procedure is shown in Fig. 1. 

Samples characterization
Powder XRD patterns were registered at room 

temperature with a Bruker D8 Advance X - ray powder 
diffractometer with a Cu Ka radiation (k = 1.54056 
A˚) with a LynxEye solid position sensitive detector 
and X - ray tube operated at 40 kV and 40 mA. X - 
ray diffraction patterns were recorded in the range of 
5.3 - 80° 2h with a step of 0.02° 2h. The differential 
thermal analysis (LabSys EVO apparatus, Setaram, 
Lyon, France) with Pt - Pt/Rh thermocouple at a heating 
rate of 10 K min-1 in air flow and Al2O3 as a reference 
material was used to study the decomposition process 
of the gels. The accuracy of the temperature was ± 5°C. 
The IR spectra were registered in the range 1600 - 400 
cm-1 using the KBr pellet technique on a Nicolet - 320 
FT-IR spectrometer (Madison, USA) with 64 scans and 
a resolution of ± 1 cm-1.

Optical microscopy images were recorded using a 
Light microscope BOECO, Boeckel & Co. GmbH & 
Co. KG, Hamburg, Germany, at magnification of 5 × 
and a transmission optical microscope ZEISS Primo 
Star, Carl Zeiss Microscopy GmbH, Jena, German at a 
magnification of 10 ×. Luminescence emission spectra at 
room temperature were measured with a high - resolution 

Table 1. Nominal compositions of the investigated samples.

Gel abbreviation
Composition

SiO2 B2O3 Eu2O3

mol % wt % mol % wt % mol % wt %
80Si/B/Eu 80 % 75.81 % 19.5 % 21.41 % 0.5 % 2.78 %
90Si/B/Eu 90 % 86.59 % 9.5 % 10.59 % 0.5 % 2.82 %
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spectrometer (Ocean Insight HR2000+), using a UV 
LED light sources at 385 nm as a typical absorption 
value for the Eu3+ ions. Both investigated samples were 
denoted as 90Si/B/Eu and 80Si/B/Eu. 

RESULTS AND DISCUSSION

XRD and DTA results
The XRD patterns of as - prepared gels are presented 

in Fig. 2. As it is seen from the figure, both samples 

exhibited presence of an amorphous halo but the 
sample containing higher B2O3 amount showed typical 
diffraction lines of H3BO3 (ICDD 09 - 0062). These 
results well correspond to those obtained by Kumar [17]. 

The thermal behaviour was invest igated 
using differential thermal analysis (DTA) with 
thermogravimetry (TG), from room temperature to 
850°C (Fig. 3). Endothermic peaks in the range 100 - 
150°C were observed in the DTA curves of both samples. 
These peaks are accompanied by a strong mass loss 

Fig. 1. Scheme for the synthesis of Eu3+ doped SiO2/B2O3 gels.

Fig. 2. XRD patterns of the investigated samples.
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which confirmed the presence of absorbed water in the 
gels. No more endothermic effects were observed in the 
samples. Two exothermic effects were registered at 290 
and 450°C that are accompanied by a decrease of the 
mass loss. This could be related to the decomposition 
of the tetraethoxysilane which cause the decrease of the 
weight to the gel powders [18]. 

Morphological characterizations of the sol - gel 
glasses

The microscope reflection images of the surface of 
the obtained sol - gel glasses are presented in Fig. 4. Both 
samples are characterized by a typical amorphous structure. 

IR spectroscopy 
The IR structural investigations in the range 1600 -

400 cm-1 are presented in Fig. 5. It is known that in 
sol - gel derived materials, the 3200 - 3500 cm-¹ region 
is typically dominated by broad and overlapping bands 
associated with hydroxyl groups, adsorbed water, and 
hydrogen bonding. These contributions often overlap 
significantly and do not provide clear structural 
information about the network - forming units. That 
is why the discussion of the IR spectra was focused 
on the fingerprint region (400 - 1600 cm-¹), where the 
characteristic vibrations of the structural units forming 
the amorphous network are located and can be more 
reliably interpreted. As it is seen from the figure, the 
IR spectrum of sample 80Si/B/Eu that contains higher 
B2O3 content (19.5 mol %) exhibited absorption bands 

which are absent in the spectrum of 90Si/B/Eu sample. 
The main bands which are seen in both IR spectra are 
centered at 1400, 1200, 1100, 1000, 800, 550 and 450 
cm-1. These peaks could be divided to three regions: 
1500 - 1100 cm-1, 1000 - 800 cm-1 and 650 - 450 cm-1. 
In the low frequency region, a well - defined band at 
450 cm-1 is seen that is related to the Si - O - Si bending 
vibrations in the SiO4 tetrahedra [19 - 22]. The bands 
at 650 and 550 cm-1 are observed in both spectra, but 
they are more pronounced in the spectrum of sample 
rich in B2O3 (19.5 mol %). Several authors stated that 
the bands at 650 and 550 cm-1 could be related to the 
bending vibrations of BO3 trigonal units present in the 
structure of boric acid [23, 24]. This finding correlates 
well with our XRD results, as H3BO3 was registered in 
the sample 80Si/B/Eu, only. 

In the second frequency region 1000 - 800 cm-1, three 
absorption bands are distinguished. The bands at 1000 
and 800 cm-1 are common for both IR spectra. These 
broad bands are related to the presence of Si - O - Si 
bonds in SiO4 tetrahedra. A weak shoulder at about 670 
cm-1 and the band at 900 cm-1 are observed in the spectra 
of sample 80Si/B/Eu, only, that could be connected to 
the higher B2O3 presence. The fact that there does not 
appear any absorption band in the gels around 720 cm-1 
(B - O - B deformation vibration) [25, 26] and that the 
intensity of the bands corresponding to the stretching 
vibration ( ~ 900 cm-1) and deformation vibration (670 
cm-1) of the Si - O - B links appeared with the increase 
of B2O3 content in the samples, suggests that all the B2O3 

Fig. 3. DTA - TG curves of the investigated gels.
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Fig. 4. Optical microscopy images on the investigated samples at different magnifications.

Fig. 5. IR spectroscopy of as - prepared gels.

incorporates into the network to form Si - O - B links, 
but not B - O - B bonds [26]. 

The broadest and intensive band in both IR spectra 
is observed at about 1100 cm-1 that is ascribed to the 
asymmetric stretching vibrations (νas) of SiO4 groups 
and it is typical for a polymerized silica network [27].  
The other absorption band registered in both spectra is 

that at 1200 cm-1. Generally, it could be ascribed to the 
asymmetric Si - O stretching vibrations [28]. Having in 
mind the fact that it becomes more pronounced in the 
spectrum with higher B2O3 content (sample 80Si/B/Eu), 
it could be suggesting that this band is also related to the 
νas of BO3 structural units [29]. 

Finally, the last two absorption bands are at 1500 
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and 1400 cm-1 but the first one appeared only in the IR 
spectrum of 80Si/B/Eu sample. These bands may be 
attributed to the asymmetric B - O stretching vibrations 
of trigonal BO₃ units [30]. However, the absence 
of a distinct band near ~ 870 cm-¹ makes the clear 
confirmation of BO₃ groups difficult. 

Luminescent emission spectra
Fig. 6 shows the photoluminescence emission 

spectra of Eu3+: SiO2 - B2O3 sol - gel glasses. A broad 
defect - related emission from the glass network and the 
characteristic sharp 4f - 4f transitions of Eu³⁺ ions were 
observed. Five emission bands are well - resolved and 
clearly seen at 500, 550, 600, 620 and 700 nm which is 
consistent with previous studies on Eu³⁺ - doped silica - 
borate glasses [31, 32]. The peaks at ~ 600 and ~ 620 nm 
correspond to the 5D₀ → 07F₁ and 5D₀ → 7F₂ transitions, 
respectively, while the weaker features near 550 and 
700 nm originated from the 5D₁ → 7F₁ and 5D₀ → 7F₄ 
transitions. The peak at 620 nm is assigned to the 5D₀ → 
7F₂ transition and it dominated the spectrum in the sample 
containing higher SiO2 amount (90 mol %). Obviously, 
the 5D₀ → 7F₂ transition exceeded the intensity of the 
magnetic - dipole - allowed 5D₀ → 7F₁ transition. This 
behaviour indicates that Eu³⁺ ions preferentially occupy 
non - centrosymmetric, highly distorted sites within 

the glass network, a structural characteristic typical for 
borosilicate systems where B₂O₃ increases disorder and 
covalence around rare - earth ions [33].

In the near - infrared region, a broad band centered 
around 1000 nm is observed which is stronger in the 
sample containing 80 mol % SiO2. This feature could be 
attributed to the intrinsic structural defects of the silicate - 
borate matrix [34, 35]. Overall, the spectrum confirms 
successful incorporation of Eu³⁺ into the glass matrix 

There is a peculiarity observed in the spectra of the 
investigated samples. This is related with the observation 
that the 5D₀ → 7F₁ ( ~ 600 nm) and 5D₀ → 7F₂ ( ~ 620 
nm) emission bands exhibit comparable intensities. 
This phenomenon is observed in limited number of 
investigations [36 - 38].  In such disordered glass matrices, 
Eu³⁺ ions often occupy a distribution of local environments 
with varying degrees of site symmetry. Magnetic - dipole 
transitions like 5D₀ → 7F₁ are largely insensitive to 
local symmetry, whereas the electric - dipole 5D₀ → 7F₂ 
transition is hypersensitive to asymmetry. Comparable 
intensities of these two bands suggest that a significant 
fraction of Eu³⁺ ions reside in sites with different surround 
due to the present of small amount of H3BO3 (detected by 
the XRD analysis, Fig. 2) in the silica - borate amorphous 
matrix. This means that europium ions take a place of 
symmetric and asymmetric coordination [36 - 38]. 

Fig. 6. Emission spectra of 90Si/B/Eu and 80Si/B/Eu excited at λex = 385 nm.
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CONCLUSIONS

Eu3+ doped glasses from the SiO2 - B2O3 were 
prepared by the sol - gel method and their morphology, 
thermal stability, and structural characteristics were 
investigated. Transparent, monolithic gels containing 
B2O3 content up to 10 mol % were obtained. DTA 
analysis exhibited that the higher Eu3+ amount increased 
the thermal stability of the silica matrix. The optical 
microscope observations proved that the obtained samples 
are glasses. The IR spectra showed vibrations of SiO4 
and BO3 structural groups. The luminescence spectrum 
shows successful incorporation of Eu³⁺ into the glass 
matrix. The two main Eu³⁺ emission bands at ~ 600 nm 
(5D₀ → 7F₁) and ~ 620 nm (5D₀ → 7F₂) with comparable 
intensity, indicated that Eu³⁺ ions occupy a range of local 
environments with intermediate symmetry in the glass. 
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