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Abstract Phosphorous compounds are essential for living organisms, specifically as building blocks for hard tissues such as bones.
Therefore, it is an important (although not necessary) component of bioactive glass used in regenerative medicine. Hereby, the
influence of PO3−

4 on the properties of silica–calcia glass was studied. Europium(III) ions, as a luminescent probe, have been
incorporated into bioactive glass hosts of both binary (SiO2–CaO) and ternary (SiO2–CaO–P2O5) systems obtained via sol–gel
technique. The fabricated glasses consisted of spherical particles with an average diameter close to 100 nm. The energy dispersive
X-ray analysis confirmed the presence of silicon, calcium, phosphorous, and europium ions, although with different ratios than
assumed during the synthesis process. The lower amount of calcium oxide was detected mainly in the silica–calcia composition (16
wt.% instead of 35 wt.%). The presence of phosphate groups in the glass allowed for the maintenance of a higher CaO concentration
(23 wt.%), but partial crystallization of the material occurred, which was not observed in the binary system. Investigation of the
photoluminescent properties showed that Eu3+ emission had higher intensity and longer decay times when samples were annealed
at higher temperatures (the tested temperature range was 600–800 °C), indicating reduced hydroxyl quenching. The addition of
phosphate groups resulted in shorter luminescence lifetimes in comparison to the SiO2–CaO samples due to the modified environment
of europium ions caused by partial crystallization.

1 Introduction

Bioactivity is a unique feature of various types of glasses (silicate-, borate-, and phosphate-based systems) [1] that is not obvious to
many researchers even those working with glasses. These materials show osteoinductive behaviour and have the ability to form an
interfacial bond with soft and hard tissues when incorporated into the body or exposed to a biological fluid. In their composition,
calcium and phosphorous are often present — the same elements that are the main components of biological apatites. As such,
these ions play an important role in bone formation and resorption. Calcium is known to affect osteoblastic cells and is required
for osteoblast proliferation, differentiation, and mineralization [2]. Phosphorous in inorganic phosphate is claimed to stimulate
the expression of matrix Gla protein, which is a key regulator for bone formation in osteoblastic cells [2]. Among other ions,
silicon Si is known to increase bone mineral density and improve bone strength. Taking part in metabolic processes, Si leads to
the formation and calcification of bone tissue and also induces the precipitation of hydroxyapatite [2, 3]. Formed in physiological
conditions, orthosilicic acid (Si(OH)4) is claimed to stimulate collagen type 1 formation in human osteoblast cells and osteoblastic
differentiation [2–4].

Binary SiO2–CaO, ternary SiO2–CaO–P2O5, quaternary SiO2–CaO–P2O5–Na2O or SiO2–CaO–P2O5–MO (M � metal) [5, 6], as
well as more complex systems like SiO2–CaO–CaF2–Na2O–K2O–P2O5–MgO or SiO2–TiO2–B2O3–P2O5–CaO–MgO–K2O–Na2O
[7] are considered as bioactive. Initially, it was assumed that P2O5 was required for glass to obtain bioactivity. Now, it is known
that the presence of phosphate in the system is not necessary. The phosphate ions needed for the hydroxyapatite layer formation can
be adsorbed from the body fluid or from the assay solution in the in vitro tests, for example, from simulated body fluid (SBF) [5,
8–10]. Due to this process, glasses in the binary system (SiO2–CaO) also show bioactivity [5, 11] although, it is higher in the ternary
systems with phosphorous oxide [12]. During glass degradation, both Ca2+ and PO3−

4 ions diffused into the surrounding solution
cause its supersaturation which favors the formation of hydroxyapatite [12]. For this reason, phosphate is considered a significant
component in bioactivity and apatite formation. To further improve the glass reactivity in the body fluids, different additives are
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introduced into the glass structure, especially trace elements found in the human body: Ce, Ga, Zn, Cu, Mg, Sr, Co, and others [1,
2, 13–15]. Ag and Zn have been investigated as well to develop antibacterial materials [16].

The bioactivity of silica-based glasses comes from cation exchange, in which ions (calcium and PO3−
4 ) are replaced by protons

from the body fluid [5, 9, 17]. As a result of this exchange, a silicon-rich layer is created on the glass surface, which is a base
for hydroxyapatite, HA (or carbonated hydroxyapatite, HCA), formation. This layer is responsible for the strong bonding between
bioactive glasses and human bones [2].

Bioactive glasses can be obtained by melting the proper oxides or carbonates in adequate proportions at a temperature above
1300 °C or at a lower temperature when the sol–gel method is applied [18]. In comparison to the conventional bioactive glasses
obtained by the melt-quenching technique, the materials obtained by the sol–gel method often demonstrate higher bioactivity [19].
In general, the sol–gel process arrives at the formation of a mesoporous structure with a high surface area and surface chemistry
rich in silanol groups that increases the degradation rate and promotes the formation of the hydroxy carbonate apatite layer. Silanol
groups are involved in the nucleation of the HCA layer [19] and mesoporous structure accelerates the ion exchange rate between
the material and the surrounding medium.

Another advantage of the sol–gel method is the possibility of glass functionalization or doping including optical activation
with rare-earths (REs). The RE ions with their photoluminescent properties are attractive, for example, as optical probes [20].
Among activators, europium (Eu3+) ions are found to be particularly interesting. In Eu3+ ions the levels: ground 7F0 and the first
excited 5D0 are non-degenerated (J � 0) under any symmetry. It means that information connected with the local environment
around Eu3+ ions is dependent only on the splitting of 5D0 → 7FJ (J � 0–4) transitions. The interaction between the europium
ion and its surroundings induces changes in luminescence parameters such as intensity, position of the excitation and emission
wavelengths, quantum efficiency, and luminescence decay time. All these variables cause that Eu3+ ions could be used to investigate
the local environment around the lanthanide ions in different matrices [21, 22] including bioactive glasses. Research on these
materials performed so far included studies on Eu3+-doped bulk phosphate glasses (P2O5–K2O–MgO–Na2O–CaO) obtained by melt-
quenching [23], glass–ceramic scaffolds (CaO–SiO2–P2O5–MgO–CaF2) [24], mesoporous glasses obtained by modified sol–gel
technique [25, 26], or mesoporous nanofibers fabricated by electrospinning [27]. Among powders, 45S5 Bioglass® [28] and sol–gel-
derived nanoparticles (SiO2–CaO [29], SiO2–CaO–P2O5 [30], SiO2–Na2O–K2O–MgO–CaO–P2O5 [31, 32]) were investigated. The
optical properties were used to follow not only the crystallization processes but also to track the delivery and release of drugs, cell
labeling, or even to show glass potential for use in radiation dosimetry [25, 27, 29, 33]. However, there were no reports comparing
the optical properties of europium-activated nanoparticles of binary and ternary glasses fabricated by the sol–gel method.

In the presented research, the modified Stöber method was used to obtain spherical nanoparticles of Eu3+-doped SiO2–CaO
and SiO2–CaO–P2O5 glasses. Their morphology, composition, structure, and optical properties were described looking mainly at
the influence of phosphate groups introduced into the network. The europium ions were used to monitor changes in the glass host
environment caused by sample composition and annealing temperature.

2 Experimental

2.1 Synthesis

The bioactive glass samples in the binary system were prepared using the sol–gel synthesis route through a modified Stöber method
performed in a two-step (acid-alkaline) process. The details of the SiO2–CaO synthesis were reported previously [34, 35]. The same
procedure with the necessary adaptations was followed to obtain a glass of the ternary system SiO2–CaO–P2O5. In the latter case,
phosphoric acid (85%) was used both to catalyze tetraethyl orthosilicate (TEOS, 99.9%) hydrolysis and as the PO4

3− precursor.
Briefly, TEOS was mixed with Eu(NO3)3, water, ethanol, and H3PO4 (nitric acid was used in the case of binary glass) Then, the sol
was slowly poured into basic water–ethanol solution under stirring. A few minutes later, calcium ions were added to the reaction
mixture. Calcium nitrate tetrahydrate (> 99%) and ammonium hydroxide (25%) were used as the Ca precursor and the base catalyst
leading to particle condensation, respectively. The white gel particles obtained after the reaction were separated by centrifugation
and washed with ethanol and water. The samples were dried at 80 °C for 24 h and afterward annealed for 2 h at the temperature of
600, 700, or 800 °C in the air. For the syntheses, the amount of substrates was calculated to obtain glass with the composition of
64.4SiO2:35CaO:0.6Eu2O3 or 59.6SiO2:35CaO:5P2O5:0.4Eu2O3 (wt.%), respectively (exact values are given in Table 1).

2.2 Morphological, structural, and composition analysis

The morphology and composition of the obtained samples were analyzed by scanning electron microscopy (FESEM FEI Nova
NanoSEM) equipped with an energy dispersive X-ray (EDS) detector (EDAX Genesis). For the measurements, the samples were
put on a carbon tape and covered with a carbon layer. The size distribution of the particles was estimated using SEM images and
the ImageJ program. The composition analysis was carried out using EDS and an inductively coupled plasma optical emission
spectrometer (ICP-OES, Thermo Scientific iCAP 7000). The amorphous or partially crystallized structure of the samples was
analyzed by X-ray diffraction measurements (X’Pert PRO PANalytical, Cu Kα radiation 1.5406 Å).
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Table 1 Comparison between
assumed composition of samples
and EDS and ICP-OES
quantification (wt.%). Data for
sample annealed at 700 °C

Assumed composition EDS analysis ICP-OES

Eu3+:SiO2–CaO

SiO2 64.39 86.5±0.2 82.0±4.0

CaO 35.02 11.7±0.1 16.3±2.0

Eu2O3 0.59 1.77±0.09 1.7±0.1

Eu3+:SiO2–CaO–P2O5

SiO2 59.67 68.9±0.5 69.4±4.0

CaO 34.70 19.8±0.3 22.8±2.0

P2O5 5.26 10.1±0.4 6.3±0.2

Eu2O3 0.38 1.26±0.03 1.5±0.1

2.3 Spectroscopic analysis

A microRaman apparatus (inVia™ Renishaw) with an 830 nm laser diode was used to collect Raman spectra. The photoluminescence
and photoluminescence excitation spectra as well as the luminescence lifetimes were measured with a fluorescence spectrometer
(FLS980 Edinburgh Instruments) equipped with a 450W xenon lamp and 150W pulse lamp. The measured spectra were corrected
with respect to the detector sensitivity and lamp characteristics. The measurements were performed at room temperature. The
photoluminescence excitation spectra were normalized to the peak of the most intense band. The experimental decays of photolu-
minescence were fitted with first- (binary system) or second-order (ternary system) exponential decay functions with the formulas:
f(t) � A·exp(− t/τ) + y0 and f(t) � A1·exp(− t/τ1) + A2·(− t/τ2) + y0, respectively. In the latter case, the effective lifetime constant
(τ’) was calculated as τ’ � (A1·τ1

2 + A2·τ2
2)/(A1·τ1 + A2·τ2) [36]. In the equations, τ1 and τ2 are rapid and slow decay times,

respectively.

3 Results and discussion

3.1 Morphology

The proper procedure in the sol–gel synthesis method allows the fabrication of spherical silica–calcia particles. Using such a
procedure, both binary SiO2–CaO and ternary SiO2–CaO–P2O5 glass systems doped with europium(III) ions were prepared. Two
steps, acid–base hydrolysis process was conducted to obtain powders which consisted of spherical particles with an average diameter
of around 100 nm and a size distribution between 40 and 200 nm (Fig. 1). Synthesis with phosphoric acid, added to the reaction
mixture instead of commonly used nitric acid (like in the case of SiO2–CaO), allowed not only to catalyze the hydrolysis reaction
of TEOS but also to modify the composition and introduce phosphate groups. At the same time, the shape of the particles was
not affected, although a slightly higher amount of bigger particles (100–160 nm) was observed (Fig. 1b). A base catalyst in the
second step of the synthesis is needed to promote the precipitation of the particulate gel and the reduction of the gelation time. It
is also claimed that ammonium hydroxide used as a catalyst to control the sol–gel condensation reaction, causes the formation of
round-shaped particles which do not agglomerate [8]. Subsequent annealing of the powders led to the incorporation of calcium and
phosphorous in the silica network. SEM images revealed that after heat treatment in the selected temperature range (600–800 °C),
the particles did not undergo co-sintering.

3.2 Composition

The performed analysis quantified the ratios of oxides in the binary and ternary compositions. Table 1 shows the comparison between
the initial (at the synthesis stage) and the final (EDS and ICP-OES analysis) amount of oxides in weight percentage (wt.%) for
the samples annealed at 700 °C. The EDS and ICP-OES analyses indicated the presence of all introduced atoms (Si, Ca, P, and
Eu), but the measured values showed deviations from the initial formulations. It was evident that the powders of both systems
contained a lower amount of CaO than was initially assumed, and it was between 12 wt.% and 23 wt.%, depending on the sample
and measurement technique (Table 1). Simultaneously, with lower calcium content, the silicon and phosphorous amount increased.
The content of Eu2O3 is also above the original set value. Based on the more accurate ICP-OES analysis, the amount of Eu3+ ions
should be equal to 0.59 mol% and 0.52 mol% in the binary and ternary glass, respectively.

The reason why CaO is lower than assumed is related to the used procedure, mainly because of the washing process carried out
immediately after synthesis. Free calcium ions were partially removed during the washing step used to remove the byproducts or
ammonia. Calcium precursor is added as the last ingredient during the synthesis, and therefore, Ca2+ ions are present mainly on the
surface of the particles and can be easily removed.
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Fig. 1 SEM images of Eu3+:SiO2–CaO (a) and Eu3+:SiO2–CaO–P2O5 (b) particles annealed at 700 °C with particle size distribution

At this point, it must be noted that in the case of phosphate samples, not fully amorphous systems were obtained, and not only
oxides but other phases, such as calcium phosphates, were present (as discussed in the next chapter). The formation of additive
calcium compounds with phosphate groups might lead to higher Ca2+ content in the ternary system.

3.3 Structure

The diffractograms of the obtained powders reflected the amorphous nature of this material showing broad reflection centered
around 23° (Fig. 2). In the case of samples containing P2O5, partial crystallization was seen, which increased slightly with the
annealing temperature. As was previously indicated, crystallization in the binary Eu3+:SiO2–CaO glass occurred above 800 °C [35],
showing first quartz and then pseudowollastonite and cristobalite phases. Thus, a higher annealing temperature was not used for the
investigated samples. Here, it was evident that in the ternary system, the presence of PO3−

4 led to the crystallization of phosphates
such as tricalcium bis(phosphate(V)) Ca3(PO4)2 (ICSD #200,202) and decacalcium hexakis(phosphate(V)) oxide Ca10(PO4)6O
(ICSD #87,727). The gamma dicalcium silicate, γ-Ca2SiO4, (ICSD #417,503) phase was also marked in the diffractograms.

It was previously observed that the crystallinity of bioactive glasses increased with higher phosphate content [37]. It should be
mentioned here that crystallization is not a demanded process for bioactive glass fabrication. It decreases the dissolution rate of
glass components, restricts ion mobility, and has a detrimental effect on bioactivity because prevents the hydroxyapatite layer from
being created. In some cases, it may turn bioglass into a bioinert material [37].

Thermal treatment of the glasses is needed for three reasons: to incorporate calcium into the glass network (temperature above
450 °C), to remove organic residuals (> 500 °C), and to remove nitrate byproducts (> 600 °C) [8]. Higher temperatures of annealing
(> 1000 °C) cause melting and co-sintering of the particles in large aggregates as well as crystallization. In the processing of bioactive
glasses, it is important to have the particles in the desired state so the ideal sintering temperature must be chosen. The selected
temperature range, 600–800 °C, should be the proper one to allow the disposal of byproducts and to avoid too high crystallization
in phosphate-based powders. The obtained binary glasses were fully amorphous and the crystallinity of the ternary systems was not
high thus, it should not disrupt the bioactivity.
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Fig. 2 X-ray diffraction patterns of Eu3+-doped SiO2–CaO and SiO2–CaO–P2O5 powders annealed at 600 °C, 700 °C, or 800 °C

Fig. 3 Raman spectra of
Eu3+-doped SiO2–CaO and
SiO2–CaO–P2O5 samples
obtained at 700 °C

The Fig. 3 shows the Raman spectra in the 100–1200 cm−1 spectral range of the two samples doped with Eu3+ ions: SiO2–CaO
and SiO2–CaO–P2O5 annealed at 700 °C. Both spectra exhibit similar spectral features and present the typical bands of silica-based
sol–gel glass centered at about 450, 800, and 980 cm−1. The broadest band observed at around 450 cm−1 is attributed to a network
Si–O–Si bending vibration involving adjacent tetrahedral [38]. Sample SiO2–CaO shows a weak but clear band denoted D1 at
491 cm−1 which is assigned to symmetric stretching modes of Si–O bonds in 4-membered silica rings [38]. The band at 800 cm−1

observed on both spectra is attributed to a Si–O–Si stretching vibrations in silica tetrahedral with a four number of non-bridging
oxygens (NBO), in particular to SiO4−

4 monomers (4 NBO) [39, 40]. The third band visible on the spectrum of SiO2–CaO at
about 980 cm−1 corresponds to Si–OH stretching vibrations of residual silanol groups [38–40]. The Raman spectrum for the sample
SiO2–CaO–P2O5 looks slightly different. Visible is the band at 602 cm−1. At this position appears the D2 band assigned to symmetric
stretching modes of O–Si–O, which indicates the presence in the material of cyclic three-membered SiO rings [38].

The differences in the Raman spectra between the two described samples are caused by the addition of PO3−
4 . The development

of the SiO2–CaO–P2O5 network can be identified in the spectrum by the band at approximately 450 cm−1 and the most intense
peak at 960 cm−1. The intensity increase and splitting of the band at lower wavenumbers into two peaks at 430 and 450 cm−1 can
be caused by the share of O–P–O bending vibrations of orthophosphate PO4

3− units [38, 41, 42]. Additionally, the vibrations of
PO3−

4 contribute to an intensity increase of the band at about 600 cm−1 [38, 43]. At higher wavenumbers (950–1000 cm−1), the
Si–OH stretching vibrations appear, but on the spectrum of the binary glass, they show weak intensity [43]. The band at 980 cm−1

on the SiO2–CaO spectrum is assigned to this group. A significant change in this region is caused by the P–O− stretching vibrations
of phosphate groups at 960 cm−1 [39, 40, 42]. The broad band at 1050 cm−1 is characteristic of calcium-doped glass and reflects
SiO4 units with one non-bridging oxygen [40, 43]. A low-intensity band at this frequency is observed for the binary glass, while for
the ternary system, its intensity increases, which might be related to the higher content of Ca2+.
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Fig. 4 Excitation spectra of
Eu3+-doped SiO2–CaO and
SiO2–CaO–P2O5 powders
annealed at 700 °C

The silicon environment in such glass structures consists of silicon dioxide and glass modifiers. In the case of calcium phos-
phosilicate glasses, SiO2 and P2O5 are usually network formers and CaO is used as a network modifier releasing Ca2+ ions, which
migrate outside the glass. The introduction of Ca2+ and PO3−

4 ions changes the silicate network structure by reducing the degree of
connectivity in the network by replacing bridging oxygen with non-bridging oxygen [44]. This process leads to the disconnectivity
of the glass network and results in the formation of more silanol groups Si–OH. Silanol group vibrations are present in the Raman
spectra as a small but sharp peak at 980 cm−1 (binary glass) and as the band screened by the sharp intensive peak at 960 cm−1

(ternary glass).
It was considered that some of the phosphates form Si–O–P links, and the others might be found as free orthophosphate. It was

also reported that for low P2O5 content, phosphorous is not considered a glass former like silicon, and it is present in the glass
structure as PO3−

4 ions like a glass modifier [44]. The crystallization of phosphates, as observed in the XRD diffractograms of the
studied samples, may be caused due to the existence of phosphorous in bioglasses only as a separate orthophosphate phase [12,
45]. If no Si–O–P bridges are detected in glasses consisting of SiO2, CaO, and P2O5, phosphates are not a part of the silicate glass
network, but they rather form isolated orthophosphate units, which take calcium or other cations from the glass network and might
be readily released from this material.

3.4 Photoluminescence

The photoluminescence excitation spectra for all the samples were registered by monitoring the most intense emission band with
a maximum at 612 nm (as will be presented in the next paragraph). There were no significant differences in the spectra among the
powders annealed at various temperatures. Two selected spectra of binary and ternary systems annealed at 700 °C are presented in
Fig. 4. Among them, no variations in the bands’ shapes or positions were observed. The characteristic most intense band with a
maximum at 395 nm indicated the excitation from the 7F0 ground state to the 5L6 level, and this wavelength was used to register
photoluminescence. Other bands in the UV, blue, and green light range corresponded to the excitation to the 5F4, 5I6, 5H4, 5D4,
5G2,3,4, 5D3, 5D2, and 5D1 levels. Broad band around 250 nm originated from the charge transfer between europium and oxygen
ions in the host.

The emission spectra (Fig. 5) obtained by excitation at 395 nm (5L6 level) consisted of typical five bands corresponding to the
5D0 → 7FJ (J � 0, 1, 2, 3, and 4) transitions of Eu3+ ions. The emission line assigned to the 5D0 → 7F2 (~ 612 nm) electric dipole
transition is strongly influenced by the electrostatic local field of the luminescent site [22, 46]. Similar dependence is observed
for another electric dipole transition 5D0 → 7F0 (~ 578 nm) [46]. Transition 5D0 → 7F2 dominates the emission spectrum when
the europium ion is situated in a low symmetry site and occupies a site without an inversion center [22, 47], which is typical for
amorphous structures. The third characteristic feature of the Eu3+ ion is the 5D0 → 7F1 transition corresponding to the line at about
590 nm [29]. This transition is purely magnetic-dipole, and it is not restricted by any symmetry thus, its intensity is not affected
by the environment around Eu3+ [22, 46]. Eventually, the red-to-orange photoluminescence intensity ratio (R/O � 5D0 → 7F2/5D0

→ 7F1) can be an indicator of structural symmetry: the higher the R/O value occurs, the lower local symmetry around Eu3+ ions
exists [20]. Generally, the analysis of the 5D0 → 7F0,1,2 band shapes provides relevant information on the local structure around the
RE ion.
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Fig. 5 Emission of Eu3+-doped SiO2–CaO (a) and SiO2–CaO–P2O5 (b) powders annealed at 600 °C, 700 °C, or 800 °C (under 395 nm excitation)

As can be seen in Fig. 5, the intensity of the emission bands increased with the annealing temperature of the samples. As
was expected, the spectra of all samples showed a significantly larger intensity of the 5D0 → 7F2 emission compared to the 5D0

→ 7F1 transition. The R/O ratio was calculated to be approximately 4.5 for binary glasses. The same ratio for the ternary (and
more crystalline) system decreased to around 3. The changed R/O value indicated various Eu3+ sites with lower symmetry in an
amorphous matrix as in the case of SiO2–CaO. This parameter in the silica–calcia glass was found to be lower than the value reported
for silica glass doped with europium (e.g., 6.3 as reported in [20] or 10.9 in [48]), but higher than in other bioactive glasses. In the
case of Eu3+-doped 45S5 Bioglass, the R/O parameter varied from 3.3 to 2.3, depending on the annealing temperature, as reported
in [49]. Similarly, in the case of phosphate glass, the same parameter varied from 3.7 to 2.9, depending on the CaO content, as
reported in [23]. For comparison, in crystalline structures, where ions are located in less distorted sites, a higher intensity of 5D0

→ 7F1 emission is observed. Therefore, the R/O parameter for Eu3+ in different non-amorphous matrices varied as follows: 2.5–2.8
in silica–calcium apatite composites [50], ~ 2 in hydroxyapatites [51, 52], 1.7 in Na2Ca2Si3O9 [53] and < 1 in fluorides nanocrystals
in silica glass [54].

A band associated with the 5D0 → 7F0 transition is another emission peak that can be used to determine the environment of Eu3+

ions in the lattice. In the binary system samples, one peak was observed with a lineshape similar to the spectrum recorded for the
Eu3+-doped silica xerogel [55]. In the ternary system samples, the splitting of this band was clearly visible, particularly in powders
obtained at higher temperatures. This result may indicate that more than one type of Eu3+ site exists within the SiO2–CaO–P2O5
system [56]. It is well understood because of the presence of both amorphous and crystalline phases in the glass–ceramic structure.
The more ordered ions environment in nanocrystals is also observed as better resolved Stark splitting of the bands (Fig. 5b).

The decay curves of the luminescence from the 5D0 level were recorded at the wavelength corresponding to the maximum
intensity of the 5D0 → 7F2 emission band. Figure 6 displays the decay curves for all the samples and their respective luminescence
decay times. The decay rates exhibit a single exponential nature for binary glasses and a slight deviation from this tendency for
ternary glass–ceramics. The luminescence lifetimes for SiO2–CaO samples annealed at different temperatures were equal to 2.40 ms,
3.10 ms, and 3.64 ms for 600 °C, 700 °C, and 800 °C, respectively. This finding is consistent with the observation that higher heat
treatment temperature leads to longer decay times due to, among others, a reduction in the number of hydroxide groups [35]. The
same tendency was observed for SiO2–CaO–P2O5 but these samples annealed at the same temperature showed shorter luminescence
lifetimes (below 3 ms looking at the long-life component of the double-exponential fit as shown in Fig. 6b). When fitted with a
single-exponential decay, the lifetimes varied from 1.30 and 2.17 to 2.36 ms increasing successively with the annealing temperature.

The tendency of the longer photoluminescence decay times with the temperature of heat treatment is commonly observed and
explained by the reduced OH group content [57]. Hydroxyl quenching is caused by residual water, solvents, and silanol groups present
in the sol−gel glasses, which leads to an enhancement of nonradiative decay pathways of RE ions by dipole–dipole interactions.
The OH concentration is reduced or eliminated by the heat treatment. As a consequence, the luminescence lifetimes increase with
the temperature of thermal treatment, as was observed in the investigated samples. Furthermore, it is claimed that the crystallization
of glass components reduces the lifetime of the 5D0 emitting level because it resists ion mobility and their exchange, which gives
rise to a higher transition probability [23]. This is the probable cause behind the shorter luminescence lifetimes observed in samples
of the ternary system as compared to those of the binary system. As discussed earlier, all the phosphate-based glasses showed partial
crystallization, while all the samples of silica–calcia glass were amorphous (Fig. 2). As previously reported, the calcium content in
the phosphate glass (10 mol% < CaO < 30 mol%) and silica-based glass (CaO > 23 mol%) was also indicated as a factor that affects
luminescence lifetime. An increase in the concentration of Ca2+ caused a reduction in luminescence lifetime, as explained by the
location of Eu3+ ions in different sites [23, 30].
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Fig. 6 Decay dynamics of Eu3+5D0 level in SiO2–CaO (a) and SiO2–CaO–P2O5 (b) powders annealed at 600 °C, 700 °C, or 800 °C

4 Conclusions

Glass particles of the Eu3+-doped SiO2–CaO binary and SiO2–CaO–P2O5 ternary systems were prepared by the sol–gel method.
The introduction of PO3−

4 groups using phosphoric acid did not significantly affect the morphology of the samples. All particles
were not aggregated with a spherical shape having an average size of approximately 100 nm (103 vs. 107 nm for SiO2–CaO and
SiO2–CaO–P2O5, respectively). The annealing temperature (600–800 °C) did not modify the morphology and structure of the
samples either. In the structure of the phosphate-based systems, crystalline phases were evident, while the binary glass was fully
amorphous. The photoluminescent properties of the powders were influenced by the presence of crystallites, resulting in variation of
the spectrum profile and shorter luminescence lifetimes for the ternary glass–ceramics. The higher temperature during heat treatment
led to higher emission intensity, more visible Stark splitting, and longer luminescence lifetimes, mainly due to the removal of silanol
groups and a higher degree of crystallinity. These results confirm that europium spectroscopy enables a nondestructive, diagnostic
means of probing the crystallization in the bioactive glass samples.
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