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Abstract 

 Eu3+-doped YF3 and KY3F10 phosphors have been prepared hydrothermally in a wide 

range of pH values without the use of surface chelators and adding oxalic or tartaric 

acid. We have proved, for the first time, the usefulness of dicarboxylic acids to 

modulate the evolution of the surface and crystal phases in the KF-YF3 system. The 

morphologies and crystal structures of the materials displayed a critical dependence on 

the pH and the chelator employed, and a plausible mechanism to explain the 

differences among the distinct series of samples is proposed. As a result, the fluorides 

exhibited outstanding and tunable photoluminescence, with extremely high quantum 

efficiencies and very long lifetimes. The asymmetry ratio and Judd-Ofelt parameters 

calculations allowed us to establish a relationship between the optical performance of 

the compounds and their physicochemical properties. We feel that this study can 

arouse widespread interest within the materials engineering community, since similar 

procedures could be implemented to the extended family of complex 

yttrium/lanthanide fluorides for advanced applications in important fields such as 

bioanalytics, biomedics, or photonics. Indeed, the materials in the present work, with 

orangish-yellow colored emissions, could be very interesting for application in white 
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light emitting diodes through their combination with blue chips. 
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1. Introduction 

Over the last few years, there has been an increasing interest in materials doped with 

luminescent lanthanide ions (Ln3+) because of their wide-ranging potential applications 

in various fields, such as emitting diodes, solar cells, lasers, or catalysts [1–3]. Among 

many inorganic materials, fluorides are the most appealing candidates for optical 

applications because of their low phonon energy associated with the crystal lattice [4]. 

Consequently, fluoride-based materials present high quantum efficiencies with long 

lifetimes of Ln3+ ions that vary from a few microseconds to several milliseconds [5]. Due 

to their electronic features arising from the 4f electrons and the possibility of energy 

transfers, many studies have used fluoride phosphors as up/down-converters for 

efficient spectral conversion [6–8]. Additionally, Ln3+-doped fluorides are of great 

interest for bioanalytical and biomedical applications. Besides the above-mentioned 

characteristics, the excellent photostability, low cytotoxicity, and narrow emission lines 
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of these materials make them potential biomarkers for in vivo imaging [9–11]. 

Fluoride hosts with trivalent lattice cations such as Y3+ are considered of paramount 

importance for photoluminescence because Y3+ ions can easily be replaced by isovalent 

lanthanide ions [12]. Among them, both YF3 and the crystalline compounds of the 

related KF-YF3 system (KYF4, KY3F10, K2YF5, etc.) doped with Ln3+ ions have shown 

outstanding optical response. In particular, YF3 is considered one of the most significant 

host lattices for achieving efficient up/down-conversion emissions, and KY3F10 has 

recently been drawing special interest [13–15]. Commonly, NaYF4 has been coined as 

the best fluoride matrix. Nevertheless, some studies have demonstrated the usefulness 

of YF3 over NaYF4 to realize high up-conversion efficiency [16,17]. On the other hand, 

the thermodynamic stability of KY3F10 is higher than that of NaYF4, which often suffers 

phase transitions with temperature that can affect the repeatability of fluorescence-

intensity-ratio-based optical thermometry measurements [18]. All these remarks 

emphasize the relevance of YF3 and KY3F10, although they are both still subject to 

advanced research over a wide range of applications. 

 

Figure 1. Structure of cubic KY3F10 and orthorhombic YF3 highlighting the coordination polyhedra of Y3+ 

and K+ ions along with their local symmetry. The labels F1 and F2 refer to fluoride anions situated at 

different Wyckoff positions. 
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Under ambient conditions, KY3F10 crystallizes in a cubic structure belonging to the 

𝐹𝑚3̅𝑚 (𝑂ℎ
5) space group, with 8 formula units per unit cell (Z = 8) [19], while YF3 

crystallizes in an orthorhombic structure with the 𝑃𝑛𝑚𝑎 (𝐷2ℎ
16) space group, and Z = 4 

[20]. The unit cell structure of KY3F10 and YF3 crystals, the coordination polyhedra of Y3+ 

and K+, and their local symmetry plotted with VESTA software [21] are depicted in 

Figure 1.  

The luminescence properties of the materials depend to a great extent on their 

chemical reaction engineering, which opens up new strategies for the design and 

surface control of materials. To date, different methods have been used to synthesize 

nano/micron-sized fluorides [22–24]. Particularly, the hydrothermal method has been 

shown to be the most effective technique to control the morphologies, sizes, crystal 

phases, and color emissions of inorganic materials [25,26]. 

Although Ln3+-doped fluorides with several shapes and sizes have been prepared in 

the literature with different capping agents that allow their surface modification, the 

vast majority have been synthesized by using hydrophobic organic molecules such as 

oleic acid, which results in hydrophobic surfaces [27,28]. As a consequence, the 

hydrophobicity prevents these materials from being used directly for bioapplications 

since neither good stability in water nor effective bioconjugation can be achieved 

without further surface modifications.  

In light of this, different hydrophilic organic molecules can be used to replace the 

oleic acid ligand in the synthesis of these materials. Polydentate carboxylic ligands are 

regarded as excellent candidates because of the direct carboxylic-to-metal 

coordination [29], citric acid and ethylenediaminetetraacetic acid (EDTA) being the most 

common [30–33]. Nevertheless, the role of dicarboxylic acids (such as oxalic, tartaric, or 
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malonic acid, to name but a few) has been almost entirely neglected in the literature 

and studies that report their use in the synthesis of the extended family of 

yttrium/lanthanide fluorides are scarce. Besides, the few that do use dicarboxylic acids 

have focused primarily only on NaLnF4 compounds (Ln = Y, La to Lu) disregarding other 

types of fluorides [34–37]. Indeed, to the best of our knowledge, no attempts have 

been made to prove whether the use of dicarboxylic ligands in the KF-YF3 system can 

be successful or not. Therefore, from a chemical engineering point of view, the need to 

explore the usefulness of these capping agents in such materials is a matter of 

importance because they could also be applied to a vast gamut of compounds. 

Based on the remarks made in the foregoing paragraphs, in this paper we further 

investigate Eu3+-doped YF3 and KY3F10 materials prepared by a hydrothermal method 

using KBF4 as the fluoride source. We have chosen Eu3+ as a dopant ion because of its 

unique luminescent properties and its adequacy as a site-sensitive structural probe [38], 

which is a keystone to describe the optical response of the materials and relate it to 

their chemical structure. Moreover, the similarity between the ionic radius of Y3+ 

(1.019 Å for a coordination number, CN, = 8; 1.075 Å for a CN = 9) and Eu3+ (1.066 Å for 

a CN = 8; 1.120 Å for a CN = 9) [39] ensures good incorporation of the Eu3+ ions in the 

YF3/KY3F10 host lattices.  

Here, we report for the first time the effective use of dicarboxylic acids (oxalic and 

tartaric acid) as chelating agents to control the surface and thus the evolution of the 

crystal phase between YF3 and KY3F10. We show that the pH is also crucial to obtain the 

crystal phase with different morphologies and we propose a plausible mechanism to 

explain the results obtained. All these parameters make it possible to achieve materials 

with tunable optical properties. 
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2. Experimental section 

2.1. Materials 

The reagents used were yttrium(III) nitrate hexahydrate [Y(NO3)3·6H2O 99.9%, Alfa 

Aesar], europium(III) nitrate hexahydrate [Eu(NO3)3·6H2O 99.9%, Strem Chemicals], 

potassium hydroxide [KOH 85%, Labkem], potassium tetrafluoroborate [KBF4 96%, 

Sigma-Aldrich], nitric acid [HNO3 65%, Labkem], oxalic acid dihydrate [C2H2O4·2H2O 

99.5%, Panreac], and DL-tartaric acid [C4H6O6 99%, Sigma-Aldrich]. 

2.2. Synthesis of Eu3+-doped compounds 

In a typical synthesis procedure, 1.5 mmol Ln(NO3)3·6H2O were dissolved in 30 mL of 

water (Ln = Y, Eu; 1 mol% Eu3+) with a resulting pH of 4. Then 3.0 mmol of KBF4 were 

added to this solution and the pH was adjusted to the desired value (pH = 4, 6, 7, 8, 

and 10) using 0.1 or 2 M KOH aqueous solutions (for pH values higher than 7, a whitish 

precipitate appeared). The mixture was kept under vigorous stirring for 10 min and the 

final volume was adjusted to 50 mL with water. The whole system was transferred into a 

Teflon-lined vessel (with a total volume of 125 mL) and treated hydrothermally for 24 h 

in a thermally heated autoclave at 180ºC. After cooling to room temperature, the 

product was collected by centrifugation, washed several times with water, and dried 

under an infrared lamp. The as-obtained powders were ground in an agate mortar to 

obtain a fine powder and break up any large aggregates. 

To investigate the effect of the incorporation of dicarboxylic acids acting as 

chelating agents (oxalic and tartaric acid, OA and TA, respectively), the synthesis was 

performed in a similar manner. After obtaining the Ln3+ solution and before adding 

KBF4, 3.0 mmol of oxalic/tartaric acid were dissolved in 10 mL of water. The pH of this 
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solution was adjusted to 6.5 using 2 M KOH aqueous solution, and it was stirred for 

10 min. It was then added to the previous Ln3+ solution dropwise with stirring, and the 

mixture was stirred for another 10 min. After that, 3.0 mmol of KBF4 were added and it 

was performed in the same way as in the typical reaction. Table 1 summarizes the 

abbreviations of the different samples according to the pH value and the chelator used 

in each synthesis. Some considerations about the experimental procedure when using 

chelating agents can be found in the Supplementary Information (Section 1).   

Table 1. Nomenclature of the different Eu3+-doped compounds prepared by a hydrothermal process with 

different pH values and chelating agents. 

pH No Chelator Oxalic Acid Tartaric Acid 

4 H4 H4-OA H4-TA 

6 H6 H6-OA H6-TA 

7 H7 H7-OA H7-TA 

8 H8 H8-OA H8-TA 

10 H10 H10-OA H10-TA 

 

2.3. Characterization  

All the characterization was performed at room temperature. Powder X-ray diffraction 

(XRD) was performed using a Bruker-AX D8-Advance X-ray diffractometer with CuKα1 

radiation from 2θ = 20 to 90º and at a scan speed of 2.25º/min. The unit cell 

parameters were refined using the WinXPOW software package, version 1.06. The 

microstructure of samples was observed using a JEOL 7001F scanning electron 

microscope (SEM) operating with an acceleration voltage of 15 kV, a measuring time of 

20 s, and a working distance of 10 mm. For microstructural characterization, the 

powders were deposited on carbon double-sided stickers (previously adhered to the 

surface of aluminum stubs) and were sputtered with platinum.  
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The optical properties were studied with an Eclipse Fluorescence Spectrophotometer 

(Varian). All the photoluminescence measurements were performed in a standard way 

by placing the powders in a solid sample holder provided by Agilent Technologies. 

Excitation spectra were recorded in the 250–500 nm range with an emission wavelength 

of 593 nm. Emission spectra were performed upon excitation at 395 nm in the 500–

750 nm range and normalized to the magnetic dipole 5D0
7F1 transition. The 

asymmetry ratio 𝑅, the branching ratios (βi), and the Judd-Ofelt parameters (𝛺2 and 𝛺4) 

were calculated from the spectra. The integrated emission intensities of the samples 

were obtained from the integrated area under the corresponding emission spectra. 

Besides, the CIE coordinates of the Eu3+-doped materials were calculated from the 

emission spectra using the GoCIE software package. Time-resolved luminescence 

measurements were also performed at different emission wavelengths, with the 

excitation wavelength monitored at 395 nm. Lifetime values were extracted from decay 

profiles. 

3. Results and discussion 

3.1. Structural characterization 

The XRD patterns of the Eu3+-doped powders obtained at different pH values following 

a hydrothermal synthesis are depicted in Figure 2. Figure 2(a) corresponds to the 

samples synthesized without the incorporation of chelating agents. In this series of 

samples, interesting changes appear depending on the pH of the medium. The XRD 

patterns of samples H4, H6, and H7 (with a pH of 4, 6, and 7, respectively) exhibit all the 

peaks corresponding to the orthorhombic phase of YF3 (JCPDS-ICDD card 321431). 

However, H4 and H6 present broad, low-intensity peaks, whereas H7 presents narrow, 
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high-intensity peaks. These changes in the shape and intensity of the XRD peaks are 

attributed to differences in the crystallinity and size of the materials (micro/nano-sized) 

as will be discussed later. Another interesting detail is that the relative intensities of the 

peaks with Miller indices (101), (020), (111), and (301) in the XRD patterns of YF3 

samples vary according to the structure of the particles, thereby indicating that the 

morphologies have different crystalline planes as their dominant surfaces [40]. On the 

other hand, remarkable results are found in samples synthesized with a pH equal to or 

higher than 7 (H7, H8, H10). The crystal structure of these samples evolves towards the 

formation of cubic KY3F10 (JCPDS-ICDD card 409643). Thus, the acidity of the medium in 

the hydrothermal treatment without the addition of chelators plays an important role in 

the crystal structure and final properties of the materials. 

 

Figure 2. XRD patterns for the Eu3+-doped compounds prepared at different pH values by a hydrothermal 

process (a) with no chelators, (b) using oxalic acid, and (c) adding tartaric acid as a chelating agent.  

Figures 2(b) and 2(c) present the XRD patterns of powders synthesized following the 

hydrothermal route with the incorporation of oxalic and tartaric acid as chelating 
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agents, respectively. All the samples exhibited the cubic single-phase KY3F10 in the total 

range of pH, in contrast to samples prepared without capping agents. The XRD profiles 

are quite similar with the proviso that the XRD peaks of samples prepared using tartaric 

acid become slightly broader with increased pH. As per the above comments, these 

results highlight the important chelating effect of oxalic and tartaric acid that allows us 

to control the crystal phase formation at different pH levels.   

Additionally, the unit cell parameters of all the samples were refined and are 

indicated in Table 2. The values obtained were in good agreement with those reported 

for cubic KY3F10 and orthorhombic YF3, although no notable differences could be found 

between samples with the same crystal structure.  

Table 2. Crystal phases and unit cell parameter a for the different Eu3+-doped phosphors. 

Sample Crystal Phase a (Å)1 

H4 YF3 6.3718(7) 

H6 YF3 6.3666(3) 

H7 YF3 6.3651(9) 

H8 KY3F10 11.5348(2) 

H10 KY3F10 11.5344(3) 

H4-OA KY3F10 11.5371(7) 

H6-OA KY3F10 11.5367(3) 

H7-OA KY3F10 11.5362(1) 

H8-OA KY3F10 11.5363(6) 

H10-OA KY3F10 11.5366(2) 

H4-TA KY3F10 11.5412(9) 

H6-TA KY3F10 11.5374(3) 

H7-TA KY3F10 11.5364(4) 

H8-TA KY3F10 11.5368(9) 

H10-TA KY3F10 11.5358(5) 

1 For the orthorhombic YF3 compounds, the other unit cell parameters were: [H4: b = 6.8939(6), 

c = 4.4416(3)], [H6: b =6.8862(4), c = 4.4353(7)], and [H7: b = 6.8711(5), c = 4.4089(4)]. 
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A plausible explanation of the reaction mechanism that leads the system towards 

the formation of YF3 or KY3F10 is discussed in the following. The reaction of Y3+ with 

oxalic and tartaric acid (H2A) has been reported as producing two main products, 

namely YHA2 and Y2A3, as shown in equations (1) and (2) [41,42].  

 Y3+ + 2H2A ⇄ YHA2 + 3H+ (1) 

 2Y3+ + 3H2A ⇄ Y2A3 + 6H+ (2) 

However, depending on the pH of the solution, other more complex species could 

also be formed, such as [YA2(OH)]2- or YA(OH), among others [43]. Hence, in order to 

simplify the mechanistic explanations, the complex formed between Y3+ ions and the 

(de)protonated species of oxalic/tartaric acid is denoted by Y-complex. Without the 

addition of any chelating agents, the reactions leading to the formation of YF3 or KY3F10 

would follow the steps (3)–(6).  

 BF4
– + 3H2O ⇄ 3HF + F– + H3BO3 (3) 

 HF ⇄ H+ + F– (4) 

 Y3+ + 3F–  → YF3 (5) 

 K+ + 3Y3+ + 10F–  → KY3F10 (6) 

As the XRD results reveal, the pH of the initial solution is crucial to obtain the final 

YF3 or KY3F10 crystal phase. Under acidic conditions, the slow hydrolysis of KBF4 ensures 

a small concentration of F– anions with respect to Y3+ cations, which yields the YF3 

phase. If the pH of the initial solution is increased, however, so are the release rate and 

concentration of F– anions because the equilibrium is displaced towards the right. 
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Additionally, a basic media of the initial solution can lead to the precipitation of a 

mixture of hydroxide complexes that help to prevent Y3+ from the attack of other ions. 

Higher pH values therefore allow stabilization of the KY3F10 phase rather than YF3. 

Moreover, some researchers have also postulated that an acid medium can stabilize the 

YF3 phase in detriment of KY3F10 according to expression (7), although they obtained a 

mixture of the two phases [44]. 

 KY3F10 + H+ → 3YF3 + HF + K+ (7) 

On the other hand, with the introduction of a chelating agent (oxalic or tartaric acid 

in this study), the reaction takes place primarily through the Y-complex, instead of the 

solvated Y3+ ions, partially preventing the attack of other ions and thus slowing down 

the reaction rate to form the desired crystal phase. Nevertheless, the chelating ability of 

the Y-complex is weakened under hydrothermal conditions so that Y3+ ions can be 

released gradually and react with K+ and F– ions [45]. Therefore, the incorporation of 

dicarboxylic acids provides a higher concentration ratio between F– and Y3+ ions, 

allowing the formation of the KY3F10 phase at much lower pH values.  

3.2. Morphological characterization 

The morphology evolution of Eu3+-doped YF3/KY3F10 nano/microcrystals obtained by 

increasing the pH in the different series of samples (with and without chelating agents) 

is presented in Figure 3. As shown, interesting differences appear when comparing the 

samples. The incorporation of surface chelators and the pH of the medium have a 

profound influence on the sizes and morphologies of the as-synthesized powders. 

 



13 

 

Figure 3. SEM images for the Eu3+-doped samples prepared at different pH values by a hydrothermal 

process (a) with no chelator, (b) using oxalic acid, and (c) adding tartaric acid as a chelating agent.  

3.2.1. Samples prepared without the incorporation of surface chelators 

Figure 3(a) shows the SEM images of the materials prepared by the hydrothermal 

method without the incorporation of chelating agents. Samples H4 and H6 (YF3 crystal 

structure) present very similar morphologies that can be described as self-assembled 

nanoparticles with an average size of 100 nm that form spheres with diameters of 

about 0.6 and 1.1 μm, respectively. Interestingly, when the pH of the medium is 
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increased to 7 (sample H7), although the crystal structure is still YF3, the shape of the 

particles changes dramatically evolving toward the formation of higher crystalline ones. 

The as-prepared product consists of a great deal of truncated/distorted octahedra with 

well-defined crystallographic facets and a size that varies from 4.0 to 6.0 μm. It is also 

consistent with the XRD pattern of H7, which revealed a narrowing of the peaks and a 

change in the relative intensity of some of them in comparison to samples H4 and H6. 

With regard to samples H8 and H10 (KY3F10 crystal structure), their microstructure 

can be described as particles characterized by irregular shapes whose size increases 

with the pH. We found particles with a size of 0.2–0.8 μm in sample H8, while the size 

was slightly larger in sample H10 (0.5–1.2 μm). 

3.2.2. Samples prepared with the incorporation of surface chelators 

Figure 3(b) shows the SEM images of the materials prepared by the hydrothermal 

method with the incorporation of oxalic acid as a chelating agent. As previously 

mentioned in the XRD section, the introduction of OA allowed single-phase KY3F10 to 

be obtained over the whole range of pH. In contrast to Figure 3(a), the microstructure 

of all the samples was very similar regardless of the acidity of the medium. Generally, 

the materials are composed of self-assembled nanoparticles with an average size of 

200 nm that form spheres with a diameter between 1.5 and 2.0 μm. In contrast to the 

irregular shapes obtained without the addition of the chelating agent (samples H8 and 

H10), the formation of regular spheres can be attributed to the gradual and controlled 

release of Y3+ ions due to weakening of the chelating ability of the Y-complex under 

hydrothermal conditions, as explained previously. 

On the other hand, Figure 3(c) presents the SEM images of the samples prepared by 
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the hydrothermal method with the incorporation of tartaric acid as a surface chelator. 

At first glance, the change in the surface chelator produces noticeable microstructural 

effects. As with the use of OA, all the samples presented the KY3F10 crystal structure 

irrespective of the pH. The microstructure of the materials can be described as 

agglomerated nanospheres (50–100 nm); however, when the pH increases, so does the 

degree of agglomeration and sintering of the particles. The differences found between 

the use of OA and TA may well be explained by taking into account the synthetic 

experimental details described in the Supplementary Information. 

Despite the fact of using chelating agents, we noted that some degree of 

agglomeration exists (in particular, for samples with tartaric acid). From the literature, 

we have found several factors that might have contributed to this phenomenon: the 

type of chelating agent and its chemical behavior, the molar ratio of the chelating 

agent to Ln3+, the pH of the medium, the temperature and reaction time during the 

hydrothermal treatment that could favor that particles aggregate to reduce their 

surface energy, and the fluoride source [46–49]. All these remarks could lead to future 

more in-depth studies.  

3.3. Photoluminescence studies  

3.3.1. Excitation spectra 

As per the XRD and morphological results, the optical properties were studied for 

samples synthesized at pH values of 4, 7, and 10 for comparison purposes. All the 

excitation spectra were similar. Different bands associated with the Eu3+ transitions 

were observed from the ground level 7F0 to different excited levels. The relative 

intensities of the bands varied slightly depending on the crystal structure (YF3 or KY3F10) 
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(see Figure 4). Among all the transitions, the most intense was 7F0
5L6, with a maximum 

at 395 nm. Therefore, the emission spectra were recorded using this value as the 

excitation wavelength and were normalized to the magnetic dipole 5D0
7F1 transition. 

 
Figure 4. Room temperature excitation spectra obtained with a delay time of 0.2 ms and an emission 

wavelength of 593 nm for samples H4 and H10 as representatives of YF3 and KY3F10 structures, respectively.  

 

3.3.2. Emission spectra 

Figure 5 shows the room temperature emission spectra obtained with a delay time (DT) 

of 0.2 and 10 ms upon excitation at 395 nm for samples H4 and H10, as representatives 

of YF3 and KY3F10 structures, respectively. With a DT = 0.2 ms, the spectra showed a 

complex behavior due to the mixing of 5D0–3
7FJ transitions. It is worth noting that the 

Eu3+ lifetimes associated with the transitions occurring from the 5D1,2,3 higher energy 

levels are expected to be lower than the lifetimes associated with transitions from the 

5D0 ground level. Therefore, if the detector delay time is increased to 10 ms, we can 

observe only the contribution of 5D0
7FJ transitions and ensure that the assignation of 

bands is accurate. 
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Figure 5. Room temperature emission spectra obtained with a delay time (DT) of 0.2 and 10 ms upon 

excitation at 395 nm for samples H4 and H10 as representatives of YF3 and KY3F10 structures, respectively. 

The numbers under the rows indicate the value of J associated with the respective transition 5Di7FJ. 

The presence of bands associated with transitions occurring from the higher excited 

levels (5D1–3) is in accordance with the typical low dominant vibration frequencies 

available in the host lattice of fluorides [50]. As we can see from the colored plots in 

Figure 5, the emission lines of the Eu3+-doped materials cover the whole visible spectral 

region: 5D3 (blue), 5D2 (blue-green), 5D1 (green-yellow), and 5D0 (orange-red). Further 

information about the assignation of the emission bands to their respective 

transitions can be found in the Supplementary Information (Section 2). 

On comparing Figure 5(a) with Figure 5(b), we observe notable differences regarding 

the relative intensity and the splitting of the emission bands. The variation in the 
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host lattice when they replace the Y3+ ions: Cs symmetry in the YF3 structure, and C4v in 

the KY3F10 structure (see Figure 1 for the interpretation of the coordination polyhedra). 

The differences found in the relative intensity of the bands are related to the change in 

the crystal structure and their associated phonon energy. Therefore, it is fairly clearly 

demonstrated that the optical response of Eu3+ can be tuned by modulating the 

different crystal phases. 

To further investigate the optical properties and analyze the variations among the 

different series of samples, in Figure 6(a-c) we present the emission spectra of the 

phosphors prepared at different pH values without the incorporation of chelating 

agents, using oxalic acid, or adding tartaric acid as a chelator, respectively. In general 

terms, all the emission spectra of samples with the same crystal structure, i.e., YF3 or 

KY3F10, are similar, but some appreciations need to be considered. 

In Figure 6(a), the photoluminescence modulation of the phosphors prepared with 

no chelators is clearly observed on comparing samples H4 and H7 (YF3 structure) with 

H10 (KY3F10 structure). Another important detail to note is the similitude in the emission 

profiles of H4 and H7, despite having a morphology and crystallinity that are extremely 

different, as discussed in the previous section. Referring to the oxalic acid series, Figure 

6(b), no remarkable changes seem to take place when the pH is modified. However, on 

comparing these samples with H10, a higher degree of suppression of the 5D3
7FJ 

transitions is observed. On the other hand, particular differences are found in the 

powders prepared using tartaric acid (see Figure 6(c)). With the increase in the pH, the 

intensity of the emission bands associated with transitions from the higher excited 

levels diminishes, a fact that can be especially apparent if we focus on the decrease in 

the emission line appearing at 584 nm (5D1
7F3), marked with red arrows in Figure 6(c). 
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All the above-commented differences affect the resulting emission coloration, as 

discussed in the following. 

 

Figure 6. Room temperature emission spectra obtained with DT = 0.2 ms upon excitation at 395 nm for 

samples prepared at different pH values (a) with no chelators, (b) using oxalic acid, and (c) adding tartaric 

acid as a chelating agent. (d) Integrated luminescence intensity of the phosphors, and (e) CIE chromaticity 

diagram for Eu3+-doped samples. The numbers in the insets indicate the pH value (4, 7, and 10). 

Additionally, the bar chart in Figure 6(d) presents the values of the total integrated 

luminescence intensity for the different Eu3+-doped phosphors. First, it is important to 

note that the luminescence intensity depends on several factors, such as the existence 

of non-radiative processes (intrinsic properties of the materials and the different crystal 

structures), or the scattering rate (influenced by the size and shape of particles), as 
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noted by G. Dantelle et al.  [51]. On this basis, the high intensity observed in sample H7 

in comparison to H4 (both with YF3 structure) can be ascribed to a higher scattering 

rate, which is related to the high crystallinity and well-defined geometry of its particles 

[52]. In contrast, the phosphors prepared with oxalic acid have the same crystal 

structure (KY3F10) and particles with very similar morphologies and sizes, therefore 

minor changes are appreciated in the emission intensities. Similar conclusions can be 

drawn for the compounds prepared with tartaric acid.   

Lastly, the CIE coordinates of the corresponding materials doped with Eu3+ were 

calculated from the emission spectra using the GoCIE software package [53] and are 

depicted in Figure 6(e). Different color emissions of the phosphors, which vary from 

orangish to yellow, were obtained depending on the pH and the chelating agent used. 

The main point is that there is a direct connection between the chromaticity and the 

features of the emission profiles, which can be corroborated with the insets in Figure 

6(e), which corresponds to the color emission for each series of samples. For the 

phosphors prepared without chelators, the change in the color emission depends on 

the crystal phase. H4 and H7 (YF3 structure) have a more orangish component while 

H10 (KY3F10 structure) leads to a yellow color of the emission, closer to the white zone 

in the CIE diagram. As occurred with the emission spectra, no significant results are 

found in the series “Oxalic Acid”, while a progressive evolution from yellow to orangish 

hues is observed for samples prepared with tartaric acid as the pH increases. This result 

is in perfect agreement with the onward suppression of the 5D1–3
7FJ transitions (blue-

green region of the visible spectra). Consequently, the different tunable emissions of 

these compounds can be appealing for advanced applications. The technology of white 

light emitting diodes (w-LEDs) is nowadays attracting a lot of attention, the 
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combination of orange-yellow-emitting phosphors with blue InGaN chips being a 

common strategy to generate them [54]. Recently, fluorides have been proposed as 

good candidates for w-LEDs due to the high quantum efficiencies and long lifetimes of 

fluoride-based structures in comparison to oxide matrices [55]. Therefore, the materials 

synthesized in the present work could also find very interesting applications in solid-

state lighting devices.  

3.3.2. Judd-Ofelt and Asymmetry Ratio Calculations 

According to the Judd-Ofelt theory, the transition intensities for lanthanides and 

actinides in solids and solutions can be explained through the calculation of different 

physical parameters [56]. On the one hand, the branching ratios can be used to predict 

the relative intensities of the emission lines originating from a given excited level and 

evaluate important differences among different Eu3+ crystal environments [57]. The 

experimental branching ratios for the 5D0
7FJ transitions (𝛽𝐽) can be found from the 

relative areas of the emission lines: 

 𝛽𝐽(experimental) =
𝐼0𝐽

∑ 𝐼0𝐽
 (8) 

where 𝐼0𝐽 is the intensity associated with the transition 5D0
7FJ that takes place at a 𝜆0𝐽 

average wavelength. 

On the other hand, the intensity of the magnetic dipole 5D0
7F1 transition is 

considered to be independent of the host matrix, while the electric dipole 5D0
7F2 is 

known as a hypersensitive transition because it is highly influenced by the local 

symmetry of the Eu3+ ion [58]. The asymmetry ratio 𝑅 is useful to analyze the local 

symmetry of the dopant and is defined as the ratio between the intensities of the 
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5D0
7F2 and 5D0

7F1 transitions, which can also be related to the corresponding 

branching ratios: 

 𝑅 =
𝐼02

𝐼01
=

𝛽2

𝛽1
 (9) 

The Judd-Ofelt parameters 𝛺𝜆  ( 𝜆 = 2, 4, 6 ) characterize the local structure and 

bonding in the vicinity of lanthanide ions. For the Eu3+ ion, the Judd-Ofelt parameters 

can be determined directly from the analysis of the emission spectra. The 𝛺2 parameter 

correlates with the polarizable and covalent character of the lanthanide ion in the 

lattice (larger values of 𝛺2 imply a stronger covalence) [59,60], while the 𝛺4 parameter 

is sensitive to the viscosity and rigidity of the host lattice, which is a long-range effect. 

The 𝛺6 parameter cannot usually be obtained from the emission spectrum due to 

instrumental limitations for recording the 5D0
7F6 transition. However, the value of 𝛺6 

is unnecessary to predict the dynamics of the 5D0 emitting manifold because its 

contribution to the overall transition probability is negligible [61]. The formula derived 

for the calculation of 𝛺2 and 𝛺4 Judd-Ofelt parameters is expressed as [62]: 

 𝛺𝜆 (𝜆 = 2, 4) = 𝐴01 ·
𝐼0𝐽

𝐼01
·

𝜆0𝐽
4

𝜆01
·

3ℎ

64𝑒2π4 𝜒 ‖𝑈𝜆‖
 (10) 

where 𝐴01 is the magnetic dipole transition rate, which is assumed to be constant and 

equal to 50 s-1; ℎ is the Planck constant; 𝑒 denotes the elementary charge; 𝜒 is the 

Lorentz local field correction term (which is equal to 
𝑛(𝑛2+2)2

9
, where 𝑛 is the refractive 

index at 𝜆0𝐽); and ‖𝑈𝜆‖ corresponds to the reduced matrix element of the unit tensor 

operator connecting levels 0–𝜆 [63]. The value reported in the literature for ‖𝑈2‖ is 

0.0032 and for ‖𝑈4‖ it is 0.0023 [64]. The average wavelength value obtained for the 

samples is 593 nm for 𝜆01 (5D0
7F1 transition), 616 nm for 𝜆02 (5D0

7F2 transition), and 
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695 nm for 𝜆04 (5D0
7F4 transition). The refractive index of YF3 and KY3F10 is 1.49 and 

can be considered a constant in the spectrum range 470–700 nm [65–67]. All the 

calculations were performed using the data extracted from the emission spectra 

recorded with a DT of 10 ms to avoid the contributions from higher excited levels 

(5D1-3), which could lead to inaccurate values. The experimental branching ratios are 

listed in Table S1 of the Supplementary Information and the rest of the parameters are 

presented in Table 3. 

Table 3. Asymmetry ratio values and Judd-Ofelt parameters for Eu3+-doped phosphors. All the data were 

obtained from the emission spectra recorded with a DT of 10 ms and monitoring the excitation at 395 nm.  

Sample 𝑅  𝛺2 (10-20 cm2) 𝛺4 (10-20 cm2) 𝛺2/𝛺4  

H4 0.33 0.60(1) 1.70(1) 0.35 

H7 0.33 0.59(1) 1.56(1) 0.38 

H10 1.00 1.79(2) 1.72(1) 1.04 

H4-OA 1.00 1.80(2) 1.75(1) 1.03 

H7-OA 1.02 1.83(2) 1.75(1) 1.05 

H10-OA 1.01 1.80(2) 1.77(2) 1.02 

H4-TA 1.08 1.95(3) 1.92(3) 1.02 

H7-TA 1.11 2.03(3) 1.88(2)  1.08 

H10-TA 1.10 1.98(3) 1.91(3) 1.04 

 

The symmetry of the crystal site at which the dopant ions are located determines the 

relative intensity of the magnetic and electric dipole transitions. Lower values of the 

asymmetry ratio 𝑅 are therefore expected for compounds in which Eu3+ occupies a site 

with an inversion center. Following the same line of reasoning, higher 𝛺2 values are 

associated with more covalent and polarizable environments of the dopant ion, that is 

to say, with lower symmetric crystal sites. If we consider the replacement of Y3+ by Eu3+ 
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in the crystal matrices studied in this work, the site symmetry of Eu3+ would be Cs in the 

YF3 structure and C4v in the KY3F10 structure. At first glance, an important change in the 

previous parameters can be appreciated depending on the crystal structure. 

Notwithstanding, the low values obtained for the asymmetry ratio (𝑅 = 0.33 for YF3 

compounds, and 𝑅 ≈ 1 for KY3F10) would not be a priori in agreement with the previous 

reasoning, since neither the low-symmetric point group Cs nor the C4v possesses an 

inversion center. Nevertheless, this anomalous tendency of 𝑅 has been reported to be 

characteristic in fluoride matrices. The higher intensity of the magnetic dipole transition 

5D0
7F1 over the electric dipole transition 5D0

7F2 in fluorides is a result of the high 

iconicity of the Eu–F bonds, which allows only a little admixture of opposite parity 

states to the Eu3+ f-states. Thus, the 5D0
7F2 transition becomes far less favorable as 

compared to, for example, the oxides [68]. On this basis, the differences found between 

the two crystal structures may arise from the different coordination numbers of Eu3+ 

ions and their respective changes in the iconicity of the Eu–F bonds. Indeed, the higher 

𝛺2 parameter for KY3F10 indicates a higher degree of covalence and thus lower iconicity. 

Similar conclusions can be extracted from the analysis of the Judd-Ofelt parameters 𝛺2 

(the short-range parameter) and 𝛺4 (the large-range parameter). In fact, the 𝛺2/𝛺4 ratio 

follows the same tendency as the asymmetry ratio 𝑅. 

Moreover, it is important to note that samples prepared using the same chelating 

agent (oxalic or tartaric acid) present similar values of 𝑅, 𝛺2 and 𝛺4 regardless of the 

pH. We can therefore assume that there are no noticeable changes in the polarizability 

environment of the ion, and the crystal field of Eu3+ must be quite similar. However, 

slightly higher values of these parameters are obtained for the compounds prepared 
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using tartaric acid. A reasonable explanation may be found taking into account the 

different morphology and size of the particles.  

3.3.3. Lifetimes and Quantum Efficiencies Analysis 

The decay curves for the different 5D0–3
7FJ emissions of Eu3+ were measured to give 

further information about the photoluminescence properties of the materials that were 

prepared. In order to analyze the observed lifetime (𝜏obs) of the different excited levels, 

time-resolved luminescence measurements were performed with an excitation 

wavelength of 395 nm, setting a DT of 0.2 ms, and monitoring different emission 

wavelengths according to the respective 5D0–3
7FJ transitions.  

 

Figure 7. Normalized decay curves acquired at room temperature with a DT of 0.2 ms under the excitation 

of 395 nm monitoring the emission at 417 nm (5D3→7F1), 511 nm (5D2→7F3), 554 nm (5D1→7F2), and 593 nm 

(5D0→7F1). (a), (c) Exhibit the decay curves for sample H4; (b), (d) exhibit the decay profiles for sample H10. 

Figure 7 shows examples of the decay measurements for transitions originating from 
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the different excited levels corresponding to samples H4 and H10 as representatives of 

YF3 and KY3F10 structures, respectively. An interesting feature is the presence of a rising 

part at the beginning of the decay profiles of the 5D0 and 5D1 emissions due to the Eu3+ 

population feeding from upper excited levels. The rising phenomenon is more notable 

for the 5D0 emissions, since the emission from higher excited levels is partially 

quenched by cross-relaxation occurring between neighboring Eu3+ ions in the lattice. In 

this non-radiative process, the higher energy emission is quenched in favor of the lower 

energy level emission according to [69]. Thus, the 5D0,1
7FJ decay profiles were fitted 

using the following equation: 

 
𝐼(𝑡) = [𝐼0 + 𝐼1 (1 − exp (

−𝑡

𝜏rise
))] exp (

−𝑡

𝜏obs
) (11) 

where 𝐼 refers to the intensity as a function of time (𝑡) and 𝜏rise is the rising time. In 

terms of physics, this mathematical expression can be considered a single exponential 

model with a modified pre-exponential factor that modulates the population of Eu3+ 

ions [70]. 

However, the decay curves of the 5D2,3
7FJ transitions were best fitted to a double 

exponential model without the presence of a rising part: 

 𝐼(𝑡) = 𝐼1 exp (
−𝑡

𝜏obs 1
) + 𝐼2 exp (

−𝑡

𝜏obs 2
) (12) 

The presence of these two lifetimes in the higher excited levels of the materials has 

been attributed to a different distribution of lanthanide ions in the crystal lattice: Eu3+ 

ions occupying the expected local symmetry and Eu3+ ions situated in the vicinity of a 

defect or impurity group in the surface of the materials [71]. When the double 

exponential model was used, an effective lifetime (𝜏eff) was calculated according to: 
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𝜏eff =

𝐼1(𝜏obs 1)2 + 𝐼2(𝜏obs 2)2

𝐼1(𝜏obs 1) + 𝐼2(𝜏obs 2)
 (13) 

In order to evaluate the quantum efficiencies (the intrinsic quantum yields, 𝜂) of the 

materials, the radiative lifetimes (𝜏rad) of Eu3+ ions for the 5D0 level were calculated from 

the emission spectra recorded at a DT of 10 ms using the following expression, which is 

also related to the branching ratios [72–74]: 

 
𝜏rad =

𝐼01

𝑛3 · 𝐼total · (𝐴01)vac
=  

𝛽1

𝑛3 · (𝐴01)vac
  (14) 

where 𝑛 denotes the refractive index of the material and (𝐴01)vac is the magnetic dipole 

transition rate in a vacuum (14.65 s-1). The quantum efficiency of the luminescence 

material can be evaluated considering the calculated radiative lifetimes and the 

observed lifetimes for the 5D0 level as follows: 

 𝜂 =
𝜏obs

𝜏rad
 (15) 

Table 4 summarizes the lifetimes for the different excited levels (5D0–3) of the 

Eu3+-doped phosphors. All the correlation coefficients of the fits (R2) were ≥ 0.999. The 

calculated radiative lifetimes and quantum efficiencies for the 5D0 level are also listed in 

Table 4. As can be appreciated, the pH and the choice of the surface chelator have a 

strong impact on the time-resolved luminescence of the materials, with the most 

remarkable effects in the lifetimes and quantum yields associated with the 5D0 level. 

From the experimental data, it is shown quite clearly that the lifetimes associated 

with the 5D3, 
5D2, and 5D1 emissions are shorter than those of the low-energy 5D0 

emission due to the cross-relaxation of the Eu3+ population at higher excited levels to 
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the metastable 5D0 level [50]. Besides, the lifetimes of the higher excited levels (5D1–3) 

slightly decrease as the pH of the medium becomes more basic.  

Regarding the 5D0 level, it should be noted that the longest lifetime (12 ms) was 

collected for sample H4. This sample presented the YF3 structure and was formed by 

self-assembled nanoparticles. In contrast, an important decrease (from 12 to 7.7 ms) is 

observed in sample H7, which also had the YF3 structure and presented the highest 

crystallinity among all the samples studied. Another point to consider is that sample H7 

also had the most intense emission, see Figure 6(d).  

Table 4. 5D0–3 lifetimes and 5D0 quantum efficiencies for Eu3+-doped phosphors. All the correlation 

coefficients of the fits (R2) were ≥ 0.999.  

Sample 5D3 (417 nm) 5D2 (511 nm) 5D1 (554 nm) 5D0 (593 nm) 

 𝜏eff  (ms) 𝜏eff (ms) 𝜏obs (ms) 𝜏obs (ms) 𝜏rad (ms) 𝜂 (%) 

H4 0.95(4) 1.19(3) 2.23(1) 12.03(5) 11.53(6) 104 

H7 0.76(5) 1.08(3) 1.95(1) 7.68(1) 11.83(6) 65 

H10 0.64(3) 0.84(1) 1.87(1) 7.93(1) 8.45(4) 94 

H4-OA 0.49(6) 0.60(1) 1.69(1) 7.18(1) 8.40(4) 85 

H7-OA 0.47(4) 0.59(2) 1.71(4) 7.21(1) 8.40(4) 86 

H10-OA 0.44(4) 0.57(1) 1.70(1) 7.47(1) 8.35(4) 89 

H4-TA 0.58(3) 0.89(1) 1.92(1) 8.73(2) 8.02(3) 109 

H7-TA 0.44(6) 0.74(6) 1.87(1) 10.11(1) 7.93(3) 127 

H10-TA 0.40(3) 0.60(6) 1.85(1) 10.59(2) 7.96(3) 133 

 

For the samples synthesized using oxalic acid, the lifetimes were about 7.2–7.5 ms, 

while a notable rise (up to 10.6 ms) was observed for the powders obtained using 

tartaric acid as a surface chelator. Powders synthesized using the same chelator (OA or 
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TA) had very similar integrated emission intensities, as previously noted. However, the 

differences in the lifetimes may be ascribed to the change in the size and morphology 

of the particles that can affect the electron microstructure of the samples, hence 

resulting in different luminescence kinetics that do not alter the emission intensity. A 

plausible explanation could be found considering different cross-relaxation processes 

of Eu3+ ions at higher excited levels, which could increase the 5D0 population with an 

enhancement of the corresponding lifetime. Indeed, for samples with OA, the 5D3 

lifetimes do not vary so much with the increase of pH (0.49–0.44 ms) and similar values 

are obtained for the 5D0 lifetimes.  

Interestingly, apart from the H7 sample (whose behavior has been commented on 

above), the lifetimes of the 5D0 level follow the opposite tendency with the pH in 

comparison to the rest of the excited levels. In this case, the lifetimes become longer as 

the basicity of the medium increases.  

In direct connection with this, we demonstrate that the pH and the chelating agents 

allow us to tune the quantum efficiency of the materials to a high degree, with values in 

the range of 65–133%. The use of tartaric acid and the basicity of the medium 

enhanced the quantum efficiency of the samples. Although high values were expected 

due to the low phonon energy of the crystal lattices, the values higher than 100% 

suggest the existence of quantum cutting (QC) processes or similar energy transfers 

between Eu3+ ions that occur via cross-relaxation, as we previously noted in a recent 

study of Eu3+-doped KY3F10 materials [75]. The QC process is an interesting optical 

phenomenon that enables a luminescent material to convert one high-energy photon 

into two low-energy photons through energy transfers between ions. Thereby, the 

quantum efficiency of phosphors can be enhanced and reach values up to 200% [76]. 
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The most common strategy to obtain materials with efficient QC processes involves the 

use of Ln3+ ions pairs, such as Eu3+-Gd3+. Efficient QC processes using only a single 

luminescent ion are more challenging but also possible [77–79], as evidenced in this 

work.  

All the results lead us to confirm the extreme importance of dicarboxylic acids as 

surface chelators to obtain materials with different crystal phases and morphologies in 

a wide range of pH values. We feel that the novel use of these hydrophilic capping 

agents in the preparation of compounds of the KF-YF3 system (with high relevance in 

photonics), instead of the commonly hydrophobic chelators, can be vital for their 

possible use for bioapplications. Besides, the different fluorides prepared have shown 

an outstanding and tunable optical response, yielding samples with very high quantum 

efficiencies (more than 100%) and very long lifetimes (up to 12 milliseconds). These 

values are totally superior in comparison to the typical oxides that are used for the 

fabrication of LEDs, whose efficiencies tend to be much lower and the lifetimes are 

usually on the microsecond scale. Therefore, the synthesized materials in the present 

work might have very interesting applications in solid-state lighting devices.  

4. Conclusions 

We prove for the first time the effective use of dicarboxylic ligands as chelating agents 

to modulate the surface and thus the crystal phase evolution in the KF-YF3 system. The 

major conclusions that can be extracted from this study are the following:  

 The crystal phase and the morphology of the Eu3+-doped YF3 and KY3F10 materials 

prepared by a hydrothermal procedure depend critically on the pH and the chelator 
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used. A plausible chemical mechanism to explain the differences among the distinct 

series of samples has also been proposed.  

 The choice of Eu3+ as a dopant ion and site-sensitive structural probe has allowed us 

to describe the optical performance of the materials properly and to establish a 

relationship with their chemical structure, as has been observed with the calculations 

of the asymmetry ratio and the Judd-Ofelt physical parameters. 

 The photoluminescence of Eu3+ can be tuned through the different series of 

samples, resulting in emissions that vary from orangish to yellow hues. 

 Time-resolved luminescence experiments outlined the long lifetimes of the materials 

(up to 12 ms). Along with that, the high quantum of these materials also showed a 

strong dependence on the chelator and the pH.  

Based on the remarks made above, we feel that the novel use of these capping 

agents in such materials could arouse widespread interest, since they could also be 

applied to a vast gamut of compounds from the extended family of yttrium/lanthanide 

fluorides and find very interesting applications in bioanalytics, biomedics or photonics. 

Additionally, the synthesized materials in the present work, with orangish-yellow 

emissions, could be interesting for application in white light emitting diodes through 

their combination with blue chips. 
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