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In this work, the fabrication of glass-ceramic materials containing MF3:Eu3+ (M = La, Gd) nanocrys-
tals dispersed in silica sol-gel hosts has been presented. The transformation from liquid sols towards
bulk samples was also examined based on IR measurements. The crystallization temperatures and
formation of MF3 phases were verified based on TG/DSC analysis and XRD measurements. The op-
tical properties of prepared Eu3+-doped samples were evaluated based on PLE and PL as well as
luminescence decay analysis of the 5D0 excited state. Obtained samples exhibit a series of the
5D0 → 7FJ (J = 1–4) emission bands, which were recorded within the reddish-orange spectral area
under near-UV illumination (λexc = 393 nm). Recorded luminescence spectra and double-exponen-
tial character of decay curves for prepared glass-ceramic samples indicated the successful migra-
tion of  Eu3+ dopant ions from amorphous silica framework to low-phonon energy MF3 nanocrystal
phases. 
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1. Introduction

Nowadays, the sol-gel technique has found a very extensive application for the design
and synthesis of various kinds of advanced functional and engineering materials, in-
cluding powders, films, fibers, monoliths, nanostructures and organic-inorganic
hybrids [1, 2]. The advantages of sol-gel method include high purity, possibility to
forming many shapes, atomic-scale mixing, large compositional flexibility, and
low-temperature viscous-sintering [3]. The sol-gel process involves the synthesis of
three-dimensional network by a chemical reaction in a solution at low temperatures
followed by the transition from liquid to colloidal sol and finally, to a solid from [1].
The factors that primarily affect the resulting structure of sol-gel materials are: pH val-
ue of hydrolyzed solution [4, 5], type of used solvent [6, 7] as well as hydrolysis and
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condensation time [8, 9]. Heat treatment conditions are also important in sol-gel pro-
cessing due to the possibility of removing the surface hydroxyl groups and densifying
the structure to produce a ceramic monoliths or crystalline materials [10–12]. 

In general, fluorides are highly efficient hosts for Ln3+ ions due to restricted elec-
tron-phonon coupling responsible for low probability of non-radiative quenching of
excited states via multiphonon relaxation [13]. Furthermore, fluorides are considered
as biocompatible, nontoxic and chemically stable media, what favors a wide range of
their applications [14–17]. It was pointed out that the polytypes of LnF3 (hexagonal
or orthorhombic) depentent on ionic radius and coordination number of the lanthanide
ion. When the ionic radius of the lanthanide ion increases, the repulsive energy between
fluoride ions decreases, what stabilizes the hexagonal phase. A critical ratio of RLn/RF
(RLn – radius of lanthanide ion, RF – radius of fluoride ion) has been proposed to be 0.94.
Therefore, it is well known that lanthanide fluorides from La3+ to Pm3+ crystallize in
hexagonal phase and from Gd3+ to Lu3+ in orthorhombic modification. The critical
radius ratio is positioned between Sm3+ and Eu3+. Hence, SmF3 and EuF3 are known
to exist in both orthorhombic and hexagonal polytypes [19]. 

The trivalent europium ions are frequently used as spectroscopic probes due to the
characteristic nature of their electronic transitions from the 5D0 excited state to the
ground 7FJ levels. Among them, the 5D0 → 7F1 transition has a magnetic-dipole (MD)
character, which is allowed by the Laporte selection rule and its intensity is rather in-
dependent of the local environment. In many fluoride-containing compounds or
materials, the 5D0 → 7F1 transition is recorded as the most intense luminescence line.
On the contrary, the 5D0 → 7F2 transition has an electric-dipole (ED) nature and it is
so-called as hypersensitive transition. It means that its intensity is much more influ-
enced by the local symmetry of the Eu3+ ion compared with the intensities of other
ED transitions. Therefore, the intensities of the 5D0 → 7F2 ED hypersensitive transition
as well as the 5D0 → 7F1 MD one are often used as a measure for the local asymmetry
around Eu3+ in the surrounding framework [20–22]. 

2. Experiment 

The silica xerogels doped with Eu3+ ions with the nominal molar ratio (in mol%) were
prepared: 

i ) 6.3TEOS–25.1C2H5OH–62.7H2O–3.14CH3COOH–2.28TFA–0.46La(CH3COO)3
–0.02Eu(CH3COO)3 (SG1), and 

ii ) 6.3TEOS–25.1C2H5OH–62.7H2O–3.14CH3COOH–2.28TFA–0.46Gd(CH3COO)3
–0.02Eu(CH3COO)3 (SG2). 

In presented procedure, each mixture of TEOS, ethyl alcohol, water and acetic acid
was stirred for 30 minutes. Simultaneously, lanthanum(III) or gadolinium(III) and eu-
ropium(III) acetates were dissolved in TFA acid and water, and introduced into prepared
TEOS-based mixtures. Such solutions were vigorously mixed for another 60 minutes and
resultant wet-gels were dried at 35°C for 7 weeks to form silica transparent xerogels.
Finally, the precursor xerogels were annealed in a muffle furnace (FCF 5 5SHP produced
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by Czylok, Poland) at 350°C to form glass-ceramic materials (SG1 HT and SG2 HT).
The temperature was raised by 10°C/min until direct temperature was achieved. The sam-
ples were annealed for 10 hours. After this time, resulted glass-ceramic materials were
cooled down to room temperature in a closed furnace.

The samples were characterized by a SETARAM Labsys thermal analyzer using the
TG and DSC method. The curves were acquired with heating rate of 10°C/min. To ver-
ify the nature of prepared samples and to identify the crystal phase, the XRD analysis
was carried out using X’Pert Pro diffractometer with Cu Kα radiation. In order to examine
the structural properties of prepared silica sol-gel samples, the IR-ATR spectra were
performed on the Nicolet iS50 ATR spectrometer. The luminescence measurements
were performed using a HORIBA Jobin Yvon FluoroMax-4 spectrofluorimeter with
150 W xenon lamp as a light source. The spectral resolution was ±0.1 nm. The decay
curves were detected with the accuracy of ±2 μs. The synthesis as well as photolumi-
nescence measurements were carried out at room temperature. 

3. Results and discussion 

3.1. Structural and thermal characterization of fabricated sol-gel samples

The infrared spectra registered for fabricated samples at subsequent stages of presented
sol-gel synthesis were presented in Fig. 1. The assignment of recorded IR signals was
performed based on following papers [23, 24]. The liquid sols (Fig. 1, spectra a–d )
are particularly rich in water and organic solvents, which were used during presented
sol-gel synthesis. It was evidenced by strong OH-band at high-frequency region above
3000 cm–1 and signals coming from C–H vibrations located at 2975, 2926, 2898, 1450,
1395 and 1279 cm–1. The signals originated from acetic acid used as a catalyst were
also detected at 1719, 1651 and 882 cm–1 frequency regions of recorded IR spectra. It
is worth noting that the impressive amounts of hydrogen-bonded Si–OH moieties (sig-
nal near ~3380 cm–1) were formed even in starting solution, what proves the immediate
hydrolysis reaction of TEOS after mixing the starting chemical components. 

The next steps of sol-gel transformation are closely related with gradual evaporation
of organic compounds and water molecules from dynamic microporous silicate struc-
tures (Fig. 1, spectra e–k). Indeed, the broad OH-band located at high-vibrational fre-
quency region began to decrease, similarly as in the case of  C–H signals mainly coming
from volatile organic compounds, which were successfully eliminated from created sil-
ica pores. The C–H signals from organic molecules were quite-visible even after 1 week
from sol-gel synthesis (Fig. 1, spectrum e). We suppose that such phenomenon could
be explained by successfully “trapping” of such organic solvents inside a microporous
silicate network due to a strong hydrogen-bonding with unreacted Si–OH groups. It
was also observed that the polycondensation reaction was started at early stages of sol
-gel evolution – particularly during liquid sol (Fig. 1, spectra a–d ) → wet gel (Fig. 1,
spectrum e) transformation – due to the IR signals originated from Si–O–Si siloxane
bridges (1203 and 802 cm–1), SiO4 silica tetrahedrons within Q4 units (1145 cm–1),
Q3 units (1048 cm–1) as well as Q2 units (953 cm–1). It was also observed that the
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amounts of hydrogen-bonded Si–OH groups (3380 cm–1) drastically decreased, what
confirms that the cross-linked network was still successfully created during polycon-
densation reaction. Furthermore, it should be noted, that the infrared peaks located at
1203 and 1145 cm–1 are also assigned to C–F vibrations within trifluoroacetates. Indeed,
the indicated bands appear immediately after the introduction of acetates and TFA to
TEOS-based mixtures (Fig. 1, spectrum c). During the next time intervals, the indicated
peaks develop more and more intensively, what may suggests the further creation of
Si–O–Si bridges and Q4 units. We can also conclude that further Qn units transforma-
tions should be taken into consideration, what points that polycondensation was still in
progress during liquid sols (Fig. 1, spectra a–d ) → xerogels (Fig. 1, spectra e–k) evo-
lution. Generally, the IR peak related with vibrations within SiO4 tetrahedrons from
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Fig. 1. IR-ATR spectra registered for fabricated samples at subsequent stages of sol-gel synthesis and after
preparation; RE(OAc)3 = RE(CH3COO)3, RE = La/Gd, Eu.
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Q3 units (~1048 cm–1) clearly decreased what may prove the transformation towards
Q3 → Q4 units. Indeed, similar behavior was observed for 953 cm–1 signal (SiO4 tetra-
hedrons inside Q2 units), related with the Q2 → Qn (n = 3, 4) transformation. It was
also observed that the intensity of infrared signal located near 1670 cm–1 region grow
directly after introducing the La(III) or Gd(III) and Eu(III) salts dissolved in TFA acid
(vibrations of C=O groups) (Fig. 1, spectrum c). Such IR band is also related with
Si–OH vibrations. Initially, the intensity of this band decreases, which is associated
with the evaporation of acetic acid and TFA residues, as well as the transformation of
Si–OH groups into Si–O–Si bridges. However, the intensity of this band begins to slightly
increase, which may be related with the densification effect of prepared sol-gel mate-
rials. The formation of non-hydrogen-bonded Si–OH groups was also confirmed due to
the appearance of a weak band at 3660 cm–1 after 3 weeks from synthesis (Fig. 1, spec-
trum g). Such non-hydrogen-bonded Si–OH groups confirmed the progressive enhance-
ment of polycondensation reaction and dynamic character of obtained wet-gels. Such
dynamic character of prepared gels could be also confirmed by a growing number of
Si–O–Si siloxane bridges formed within silica network (~802 cm–1).

To evaluate the thermal resistance of precursor xerogels and to identify the transi-
tion temperatures, the TG/DSC analysis was carried out in a temperature range from
50 up to 500°C (Fig. 2). The crystallization of MF3 (M = La, Gd) nanophases is asso-
ciated with thermal degradation of appropriate trifluoroacetate, i.e. La(CF3COO)3 or
Gd(CF3COO)3 and the crystallization temperatures were identified based on DSC exo-
thermic peaks with maxima at 307 and 313°C, respectively. The formation of MF3 nano-
crystals is realized via a homogeneous nucleation through a controlled fluorination of
the M–O bond into the M–F one by using F– ions coming from the cleavage of the
C–F bond from trifluoroacetate ligands during thermolysis [25]. It was observed that
the thermal degradation of La(CF3COO)3 is a bit more effective (22.17% weight loss)
compared to Gd(CF3COO)3 (18.89% weight loss). Furthermore, based on presented
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Fig. 2. TG/DSC curves for prepared silica xerogels. 
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TG results, the resultant silica sol-gel hosts are almost completely thermally stable at
350°C, therefore, such temperature was chosen to carry out the controlled ceramization
process to precipitate the LaF3:Eu3+ and GdF3:Eu3+ crystal phases dispersed within
silica hosts. 

Moreover, the glass transition temperatures Tg were also evaluated for studied sol-gel
samples, which were identified at 1160 and 1190°C for SG1 and SG2, respectively. It is
quite interesting, because the crystallization temperatures of LaF3 and GdF3 are much
lower than Tg of fabricated samples. In contrary to sol-gel materials, the oxyfluoride
glasses prepared by the melt-quenching technique are treated at temperatures slightly
higher than Tg to fabrication the fluoride crystals [26]. The detailed discussion in a field
of crystallization in oxyfluoride sol-gel materials were performed in excellent research
paper by GORNI et al. [27]. The authors stated that crystallization in sol-gel materials
is not a diffusion-controlled process – as for melt-quenched glasses – but a chemical
reaction followed by a fast precipitation of fluoride crystals. This property of oxyfluoride
sol-gel materials allows for successful fabrication of fluoride nanocrystals dispersed
within the oxide matrix at relatively low temperatures. 

To verify the nature of fabricated sol-gel samples, the X-ray diffraction (XRD) mea-
surements were performed and the results were depicted in Fig. 3. The halo patterns e

XRD a – theorethical LaF3 phase
b – theorethical GdF3 phase
c – SG1 HT
d – SG2 HT
e – SG1/SG2
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Fig. 3. X-ray diffraction patterns for Eu3+-doped sol-gel samples before and after annealing at 350°C per
10 hours.
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clearly identified the amorphous nature of precursor sol-gel samples before the per-
formed ceramization process. Compared with standard patterns of hexagonal LaF3 phase
as well as orthorhombic GdF3 phase (a and b), the results of XRD measurements in-
dicated that LaF3 and GdF3 crystals were well crystallized (c and d ). The broadening
of recorded diffraction lines obviously indicates that formed MF3 crystals are in a nano-
metric range. The MF3 crystal sizes were estimated using the Scherrer equation and the
mean values were equaled to 8.1 nm for LaF3 and 6.3 nm for GdF3. Some shift of dif-
fraction lines has been observed for both types of prepared samples compared with stand-
ard patterns for LaF3 and GdF3 phases. Indeed, if Eu3+ substitutes La3+ or Gd3+ ions
within MF3 (M = La, Gd) crystal lattices, the cell volume will be changed to a certain
extent inducing a peak shifting of XRD diffraction lines. Therefore, such slight shift of
diffraction lines was observed, what could be a proof for entering of Eu3+ ions into pre-
cipitated LaF3 and GdF3 crystal lattices. The indicated effect is better visible for SG1
HT glass-ceramic samples with dispersed LaF3 nanocrystal phase due to a larger differ-
ence in ionic radii between Eu3+ (1.07 Å) and La3+ (1.16 Å), compared to Gd3+ (1.05 Å). 

Based on performed IR (Fig. 1, spectrum l) as well as XRD (Fig. 3) measurements,
it was found that applied annealing conditions of xerogels (350°C per 10 hours) allow
for successful crystallization of LaF3 and GdF3 phases in a nanometric range as well
as for an effective removal of water and organic compounds from the porous silicate
network.

3.2. Optical characterization of prepared Eu3+-doped sol-gel materials

Figure 4 presents the PLE excitation spectra as well as PL emission spectra for fabri-
cated sol-gel samples. The PLE spectra were recorded from 340 to 475 nm spectral range
and monitored at λem = 611 nm emission line (the 5D0 → 7F2 transition of Eu3+). Reg-
istered narrow excitation bands are related to the typical 4f 6–4f 6 intra-configurational
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Fig. 4. PLE and PL spectra registered for studied sol-gel materials. 
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electronic transitions of Eu3+, which can be assigned to populating the upper-lying 5L6
and 5D2 levels from the 7F0 ground state. The most prominent line corresponds to the
7F0 → 5L6 transition with maximum located at λexc = 393 nm.

Recorded PL spectra consist of the characteristic intra-configurational luminescence
lines related with electronic transitions from the 5D0 excited state to the 7FJ ground
levels. The four characteristic emission bands of Eu3+ ions were observed within the
reddish-orange light area at: λem = 590 nm (5D0 → 7F1), λem = 611 nm (5D0 → 7F2),
λem = 645 nm (5D0 → 7F3) and λem = 698 nm (5D0 → 7F4). The strong splitting of
registered photoluminescence bands has been observed and the maxima were located
at: 582 nm (5D0 → 7F0), 588 nm, 590 nm (5D0 → 7F1 splitted for SG1 HT)/586 nm,
592 nm (5D0 → 7F1 splitted for SG2 HT), 611 nm, 617 nm (5D0 → 7F2 splitted), 648 nm
(5D0 → 7F3), 680 nm, 689 nm, 692 nm (5D0 → 7F4 splitted).

The splitting of emission bands after ceramization process is a consequence of
incorporation of Eu3+ optically active ions into MF3 nanocrystal lattice created during
heat-treatment and the relative intensities as well as splitting of emission bands are
ruled by the local symmetry. Moreover, due to the nature of the 5D0 → 7FJ (J = 1, 2)
transitions, the red-to-orange luminescence intensity ratio (R/O = I (5D0 → 7F2)/
I (5D0 → 7F1)) can be viewed as a clue concerning the structural symmetry in which
Eu3+ is located. For amorphous xerogels the 5D0 → 7F2 red emission band has the great-
est intensity, meanwhile the 5D0 → 7F1 orange line is the most prominent emission peak
for prepared glass-ceramic samples. The calculated values of R/O-factor for xerogels
are equal to 2.37 and 3.09 for SG1 and SG2 samples, meanwhile for glass-ceramic ma-
terials, the R/O-ratio values are equal to and 0.78 and 0.89 for SG1 HT and SG2 HT.
Indicated decrease in R/O-ratio values proves that there is a radical change in chemical
environment around optically active Eu3+ ions during performed ceramization process.
Such R/O-factor informs about covalence bonding between Eu3+ ion and its nearest
surrounding, and R/O-ratio increases with increasing asymmetry and covalency. From
this point of view, various R/O-factor values calculated for xerogel samples could be
probably explained by differences in electronegativity of La (χ = 1.1) and Gd (χ = 1.2).
A slightly lower R/O-ratio value was reported for SG1 HT sample compared with
SG2 HT. In the hexagonal matrix of LaF3, Eu3+ ion is located at a site of C2 symmetry,
where ED (5D0 → 7F2) and MD (5D0 → 7F1) transitions are both allowed. In the case
of orthorhombic GdF3 phase, Eu3+ ion is presented at Cs sites in which both ED and
MD transitions are also allowed similarly as in the case of C2 sites within LaF3 hex-
agonal phase. However, the orthorhombic crystallographic class is a group with rela-
tively low symmetry, similarly as in the case of monoclinic or triclinic groups.
Therefore, calculated R/O-factor is lower for SG1 HT glass-ceramic samples with dis-
tributed LaF3 nanocrystals due to higher local symmetry around Eu3+ dopant ions. 

In order to perform the further photoluminescence characterization of prepared
Eu3+-doped sol-gel samples, the decay curves of the 5D0 excited state were also registered
and analyzed (Fig. 5). The decay curves were recorded for the λem = 611 nm emission
line (5D0 → 7F2 transition) using the λexc = 393 nm near-UV light (7F0 → 5L6 transition)
as an excitation source. The decay curves registered for amorphous xerogel samples
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are well-fitted to the single-exponential functions and the calculated lifetime is equaled
to τm = 0.22 ms both for SG1 and SG2 samples. Such relatively short lifetime is cor-
related with presence of high-vibrational OH quenching channels, which are coming
from water molecules, organic residues and Si–OH groups within prepared sol-gel
hosts. The energy of the 5D0 excited level of Eu3+ is close to the υ = 4 integer number
of OH vibrational quanta [28]. Hence, the rapid non-radiative multiphonon relaxation
through OH groups can occur, determining simultaneously the radiative decay rate
from the 5D0 level of dopant ions (Eu3+). 

The decay curves registered for prepared glass-ceramic samples are well-fitted to
double-exponential functions. It indicates that Eu3+ ions are located in two different
sites with different decay rates. The luminescence decay consists of rapid decay com-
ponent with lifetimes equaled to τm1 = 0.64 ms (SG1 HT) and τm1 = 0.31 ms (SG2 HT)
as well as slow decay element with lifetimes equaled to τm2 = 6.21 ms (SG1 HT) and
τm2 = 1.80 ms (SG2 HT). The rapid decay component is related with this part of
Eu3+ ions which are still present in high-vibrational amorphous silica network. As was
proven in IR-ATR spectrum, silanol Si–OH moieties with maximum at ~3380 cm–1

frequency region are still present after performed heat-treatment process. In this case,
indicated groups are responsible for effective quenching of the luminescence from the
5D0 excited state of Eu3+. We suppose that a higher value of τm1 for SG1 HT than for
SG2 HT samples could be associated with the presence of Eu3+ ions in a local symmetry
closer to the inversion center (near hexagonal LaF3 nanocrystal phase). The second
lifetime component τm2 is prolonged and it is related with this part of Eu3+ ions which
are located on the surface of MF3 nanoparticles with low-phonon energy. In this case,
up to ~36 phonons of MF3 crystal lattice are needed to cover the 5D0 → 7FJ energy
gap which is equal to ΔE = 12500 cm–1 [29], and therefore, such lifetime components
are prolonged. It was observed that the τm2 lifetime component is more than 3-times
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Fig. 5. Decay curves for the 5D0 excited state of Eu3+ ions recorded under near-UV illumination. 
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longer for SG1 HT samples compared with SG2 HT. Due to the comparable phonon
energies of both crystal lattices, i.e. LaF3 and GdF3, which are equal to ~350 cm–1, we
supposed that the decisive influence on extending the luminescence lifetime for SG1
HT samples may have more efficient incorporation of Eu3+ ions in LaF3 phase than in
GdF3 one. Indeed, based on presented TG curves, we can conclude that thermal deg-
radation of La(CF3COO)3 is slightly more efficient than Gd(CF3COO)3, what promoted
the formation of LaF3 crystal fraction compared with GdF3. Additionally, based on
XRD studies, precipitated GdF3 crystallites have smaller diameter compared with LaF3
nanocrystals, what may also favor the retain of higher amounts of Eu3+ ions on the GdF3
particles’ surface, where Eu3+ ions still have a “contact” with the high-vibrational silica
surrounding. The double-exponential character of luminescence decay curves indicat-
ed the distribution of Eu3+ ions between low-phonon crystal phases and amorphous
silica framework. 

4. Conclusions

The silica xerogels were fabricated using the mild sol-gel technique and finally they were
successfully transformed during the controlled ceramization process into glass-ceramic
materials with dispersed MF3 (M = La, Gd) nanocrystalline phases. The composition of
prepared xerogels allowed for such transformation at relatively low temperature (350°C)
due to the thermal degradation of appropriate trifluoroacetates, i.e. M(CF3COO)3
(M = La, Gd). The LaF3 and GdF3 crystal phases were identified based on XRD mea-
surements and the average nanocrystal sizes were estimated to 8.1 nm (LaF3) and
6.3 nm (GdF3) using the Scherrer equation. Additionally, the oscillation frequencies
of functional groups and chemical linkages formed within prepared materials during
sol-gel evolution were also evidenced using IR-ATR spectroscopy. Moreover, in order
to characterize the luminescence behavior of prepared Eu3+-doped samples, the PLE
and PL spectra as well as luminescence decay curves were registered. The character-
istic electronic transitions within 4f 6 manifold of Eu3+ were recorded. The amorphous
silica sol-gel samples before ceramization exhibited monoexponential decay profiles,
however, for glass-ceramic materials the detected decay curves were well-fitted to
biexponential functions. In accordance with calculated R/O-factor values, we can sug-
gest that Eu3+ optically active ions were effectively incorporated into precipitated MF3
(M = La, Gd) nanocrystals. 
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