
ww.sciencedirect.com

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 5 : 6 9 4 0e6 9 4 6
Available online at w
journal homepage: www.elsevier .com/locate/ jmrt
Short Communication
The unexplored d-phase of KY3F10: toward novel
Eu3þ-doped nanoplates with a ‘super-diamond’
structure for optical applications
Pablo Serna-Gall�en, H�ector Beltr�an-Mir**, Eloı́sa Cordoncillo*

Departamento de Quı́mica Inorg�anica y Org�anica, Universitat Jaume I, Av. Sos Baynat S/n, 12071, Castell�o de la

Plana, Spain
a r t i c l e i n f o

Article history:

Received 22 August 2021

Accepted 9 November 2021

Available online 29 November 2021

Keywords:

Crystal Phase

Europium

Luminescent materials

Fluoride

Nanoplates

Sonochemistry
* Corresponding author.
** Corresponding author.

E-mail addresses: mir@uji.es (H. Beltr�an-
https://doi.org/10.1016/j.jmrt.2021.11.060
2238-7854/© 2021 The Author(s). Published
creativecommons.org/licenses/by-nc-nd/4.0/
a b s t r a c t

This article describes a new, simple, and high-yield method based on a sonochemical

process for obtaining the d-KY3F10$xH2O compound with a ‘super-diamond’ structure, a

material that has been completely neglected in the literature since it was first discovered.

We explore the mechanism underlying the formation of the synthesized nanomaterials

and show their connection with the pH of the medium. Additionally, we demonstrate for

the first time the adequacy of the d-phase of KY3F10 for optical applications through the

novel Eu3þ-doped nanoplates, which exhibit long lifetimes and high quantum efficiencies.

The results reveal that this material, which also has zeolitic characteristics, can have a

strong impact on future photonic and associated applications.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fluorides doped with luminescent lanthanide ions (Ln3þ) are
one of the most attractive inorganic materials used for a vast

gamut of applications: emitting diodes, up/down-converter

phosphors, lasers, catalysts, or biomarkers for in vivo imag-

ing, to name but a few [1e7]. Over the last decade, the KY3F10
structure has received an increasingly large amount of

attention due to its photoluminescence features and their

associated applications in many fields of materials chemistry

[8e12]. Unfortunately, the studies in the literature have only
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focused on the common a-phase of KY3F10, a cubic structure

with space group (SG) Fm3m, 8 formula units (Z) per unit cell,

and lattice parameter a ¼ 11.536 �A [13].

It was not until the year 2000 when a new family of fluo-

rides was discovered by Le Berre et al. [14], who described the

structural and crystallographic parameters of the isotypic

hydrated d-phases of (H3O)Y3F10 and KY3F10, among others.

According to those authors, the compounds were synthesized

by adding Y2(C2O4)3$xH2O (0.7 g) to a heated solution of HF

(20 mL of HF 40%) and KF (different [KF]/[Y3þ] ratios were used

to synthesize the required compound). One aspect that stands

out is the amount of hydrofluoric acid (HF) used. It is common
ordoncillo).
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knowledge that HF has an acute toxicity because of its

harmful effects and the ability to be readily absorbed through

the skin and attack bones [15]. Consequently, the use and

handling of HF in the laboratory must be a hazard of concern,

and alternative procedures that reduce or eliminate the use

of reagents that are harmful to health are a matter of

importance.

Since then, little research addressing the d-(H3O)

Y3F10$xH2O structure has appeared in the literature [16e20],

the study reported by Caron et al. [18] being the only one that

focuses on the properties of this compound for optical appli-

cations. Surprisingly, as far as we know, since it was first

discovered in 2000, no other additional research has been

conducted on the unexplored d-KY3F10$xH2O structure.

Moreover, the aforementioned paper of Le Berre et al. did

not include any kind of characterization regarding the

morphology or size of the material.

d-KY3F10$xH2Ohas a cubic structurewith SG¼ Fd3m, Z¼ 16,

and a ¼ 15.4917(2) �A [14]. The crystal structure can be

described as an association of six YF8 square antiprisms,

called unit of octahedral antiprism (UOA), Fig. 1(a,b). Edge- and

corner-shared UOAs are linked to form a three-dimensional

cage-like structure with cavities occupied by potassium ions

and water molecules, Fig. 1(c). The water molecules can move

through the tunnels, conferring a zeolitic behavior on this

unique phase. The three-dimensional network can be

described as a diamond-type stacking of UOAs, where the

central vacancy within each UOA is at the position of a carbon

atom in the diamond structure [17,21], Fig. 1(d,e). For com-

parison purposes, the color of the UOAs in the ‘super-dia-

mond’ structure view of d-KY3F10$xH2O has been maintained

to indicate their respective C atoms.

As per the above considerations, the scope of this publi-

cation is to report a simple and high-yield method to obtain

the d-KY3F10$xH2O compound. In addition, we study for the

first time the growth mechanism of this structure and its

perfect adequacy for important optical applications through

the novel Eu3þ-doped nanoplates. To the best of our knowl-

edge, this is the only research to have contemplated the study

of the d-KY3F10$xH2O structure since its original discovery
Fig. 1 e (a) YF8 square antiprism where the F-labels indicate flu

representation of the unit of octahedral antiprism. (c) Three-dim

Corresponding view of the diamond structure with C atoms rep

d-KY3F10·xH2O.
more than twenty years ago. Besides, the alternative method

that we present does not require the use of HF and minimizes

the safety hazards.
2. Experimental

The novel synthesis of the d-phase of KY3F10 powders was

performed following a sonochemistry approach. Calculations

were performed so as to obtain approximately 0.25 g of the

final product. In a typical synthesis procedure, 1.5 mmol of

Y(NO3)3$6H2O were dissolved in 30 mL of water with a

resulting pH of 4.0. Then, 3.0 mmol of KBF4 were added to the

above solution and the pH of the medium was adjusted to 7.0

by adding dropwise 2 M KOH aqueous solution. The mixture

was stirred vigorously for 5 min and the final volume was

adjusted to 50 mL with water. The whole system was trans-

ferred into a Bandelin Sonorex ultrasonic bath operating with a

frequency of 35 kHz. After some time, the formation of a white

precipitate was observed, while a progressive decrease in the

pH was also noted, as will be discussed below. The precipitate

was then centrifuged, washed three times with water, and

dried under an infrared lamp. The choice of the pH values and

their effect on the material is currently under study and will

be discussed in a forthcoming publication. The reaction that

controls the formation of KY3F10 is highly influenced by the

ultrasound-assisted processes that affect the hydrolysis de-

gree of tetrafluoroborate ion. The slow hydrolysis of BF4
e also

depends on the pH (it is favored in basic medium) and implies

a large set of reactions that involve complex mechanisms of

reaction. Thus, Fe ions are successively released to the me-

dium and react with Y3þ and Kþ cations following different

pathways to form the corresponding crystal phase. Never-

theless, a comprehensive and accurate approach to fully un-

derstand the reaction mechanisms that govern the formation

of materials with different structures and morphologies is

required and will be the scope of a new study, as previously

addressed.

Several samples of thematerial were prepared according to

different reaction times: denoted T2, T4, T6, and T24, with a
oride ions in different Wyckoff positions. (b) Schematic

ensional cage-like structure with cavities and channels. (d)

resented as spheres. (e) ‘Super-diamond’ structure view of
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Fig. 2 e SEM images and their respective XRD patterns for samples (a) T2, (b) T4, and T6 (c), which correspond to samples

synthesized at different reaction times. For clarity, the ideal morphology has been highlighted in each micrograph. The

reaction yields are also indicated as an inset in the XRD patterns. (d) Description of the general growth mechanism along

with the evolution of the crystal planes.
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reaction time of t ¼ 2, 4, 6, and 24 h, respectively. Moreover, in

order to study the photoluminescence properties of the d-

phase of KY3F10 for future photonic applications, we also

incorporated the Eu3þ ion into the crystal structure (KLn3F10,

Ln ¼ Y, Eu; 1 mol% Eu3þ). The nomenclature of this sample

was denoted as T6Eu, since the reaction time was 6 h. Further

details about the materials and the characterization of the

samples can be found in Section 1 of the Supplementary

Information.
3. Results and discussion

3.1. Crystal structure and growth mechanism

Figure 2 shows the SEM images and their respective XRD

patterns for samples (a) T2, (b) T4, and (c) T6, which corre-

spond to samples synthesized at different reaction times. The

reaction yields are also indicated as an inset in the XRD

https://doi.org/10.1016/j.jmrt.2021.11.060
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Fig. 3 e (a) Evolution of the pH of the reaction medium with time. (b) FT-IR spectrum of sample T6.

Fig. 4 e TG/DSC curves for sample T6.
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patterns. The Eu3þ-doped sample (T6Eu, not shown) presented

the same structural and morphological characteristics as T6.

Sample T24 has been omitted throughout the paper because

no improvement in the reaction yield nor any noticeable

changes in the morphology/size and XRD pattern were

appreciated, suggesting that the reaction is already completed

within 6 h. Thus, the crystal and thermal analyses were per-

formed with sample T6, which reached the maximum reac-

tion yield (94%).

The XRD patterns show all the peaks corresponding to d-

KY3F10$xH2O (ICDD card 04-016-7073) [22]. All samples exhibit

narrow, high-intensity peaks, meaning that the materials are

fairly crystalline. The refined crystal parameters of sample T6

(a ¼ 15.4934(5) �A, V ¼ 3719.12(21) �A3) are also in good agree-

ment with those reported for the structure.

For the interpretation of the growth mechanism, Fig. 2(d),

the ideal morphology of the majority of the particles was

computer-simulated indicating the corresponding crystal

planes of the different facets. The proposed mechanism can

be well explained through the evolution of triangular nano-

plates with time toward the formation of truncated triangular

nanoplates by the gradual growth of (010) planes. We also

noted that the aggregation of some particles occurred in order

to reduce their surface energy. The mechanism is fairly

correlated with the pH of the reactionmedium, as highlighted

in Fig. 3(a). At z 1.5 h (which coincides with the inflection

point of the curve) the formation of an incipient precipitate

was observed. With the evolution of the reaction time, the

amount of precipitate increased (see the reaction yields) and

the morphology of samples changed while a progressive

decrease in the pH was observed until a value of 1.1 was

reached.

To further confirm the formation of the desired compound

instead of the d-(H3O)Y3F10$xH2O structure, the potassium-

yttrium proportion was measured by ICP-MS, an approxi-

mate atomic ratio of (0.9)K(3.0)Y being obtained, which is in

perfect agreement with the stoichiometry of the crystal

structure. Moreover, the FT-IR spectrum, Fig. 3(b), shows the

common stretching and bending vibrational modes of the

crystalline water molecules, as well as the YeF host lattice

vibrations below 600 cm�1.
3.2. Thermal analysis

TG/DSC experiments of sample T6 allowed us to study the

thermal behavior of the nanomaterials, Fig. 4. The compound

exhibits a progressive loss ofmass (6.65%), which is associated

with the crystalline water present in the d-KY3F10$xH2O

structure. According to these data, the number of water

molecules was established to be x ¼ 1.96 (z2). Thus, to obtain

the reaction yields (see the previous section), the compound

was considered to be d-KY3F10$2H2O. The absence of multiple

or notable (endo/exo)thermic peaks in the temperature range

25e300 �C also highlights the fact that there are no apparent

traces of a possible d-(H3O)Y3F10$xH2O phase. The exothermic

peak found at 439.2 �C is associated with the d-KY3F10 /

a-KY3F10 transition [14].

The enthalpy corresponding to this transition

(DH ¼ e 25.5 kJ/mol) was calculated from the experimental

data taking into account the area of the exothermic peak, the

heat flow, and considering the d-KY3F10$2H2O stoichiometry

for the initial mass of the sample. The exothermic process has

been expressed with a negative DH value by the usual

convention in thermodynamics.

https://doi.org/10.1016/j.jmrt.2021.11.060
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Fig. 5 e Room temperature photoluminescent studies of sample T6Eu obtained with a DT of 0.2 ms: (a) excitation and (b)

emission spectra, (c) CIE chromaticity diagram, and (d) decay curve. The blue stars in (b) correspond to a small contribution

of 5D1/
7FJ transitions.
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3.3. Photoluminescence studies

The photoluminescence studies were conducted on the Eu3þ-
doped sample (T6Eu), which incorporates the Eu3þ ion into the

crystal structure of the material (KLn3F10, Ln ¼ Y, Eu; 1 mol%

Eu3þ). Thesimilaritybetweenthe ionic radiusofY3þ (1.019�Afor

a coordination number, CN,¼ 8) and Eu3þ (1.066�A for a CN¼ 8)

[23] ensures perfect incorporation of the Eu3þ ions in the host

lattice. See Fig. 1(a) for a better comprehension of the CN.

Regarding the excitation spectrum of sample T6Eu,

Fig. 5(a), different bands associated with the Eu3þ transitions

were observed from the ground level 7F0 to the different

excited levels. Among all the transitions, themost intensewas
7F0/

5L6, with a maximum at 395 nm. Therefore, the emission

spectrum of this powder was recorded using this value as the

excitation wavelength.

Figure 5(b) shows the emission spectrum obtained with a

delay time (DT) of 0.2 ms and the typical bands corresponding

to the 5D0/
7FJ transitions of Eu3þ. The blue stars are associ-

ated with a small contribution of 5D1/
7FJ transitions. With

the aim of suppressing the contribution of the latter transi-

tions to subsequent calculations of some optical parameters,

the emission spectrumwas also recordedwith a DT¼ 10ms. A
comparison between the emission spectrum of sample T6Eu

recorded at DT ¼ 0.2 and 10 ms can be found in Fig. S1.

The CIE chromaticity diagram is depicted in Fig. 5(c),

highlighting the orange-reddish color emission of the nano-

plates. Additionally, the Eu3þ-doped powders were studied by

time-resolved phosphorescence spectroscopy. The observed

lifetime (tobs) of the
5D0 excited level was extracted from the

decay curve corresponding to the 5D0/
7F1 transition, Fig. 5(d),

and the quantum efficiency (the intrinsic quantum yield, h) of

the material was also calculated.

On the other hand, for the particular case of the Eu3þ ion,

several physicochemical parameters can be determined

directly from the analysis of the emission spectra. 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 5D0/
7F2 (electric dipole) and

5D0/
7F1 (magnetic dipole)

transitions. The U2 JuddeOfelt parameter is related to the

polarizable and covalent character of the lanthanide ion in the

lattice associated with the crystal environment, while the U4

JuddeOfelt parameter is sensitive to the rigidity of the crystal

lattice, which is a long-range effect [24,25]. Table 1 lists the

values of R, U2, U4, tobs, and h for sample T6Eu (d-KY3F10$xH2O

structure). For further explanations about the calculations of

https://doi.org/10.1016/j.jmrt.2021.11.060
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Table 1 e Photoluminescent parameters for the
Eu3þ-doped d-KY3F10·xH2O crystal structure.

R U2 (10�20 cm2) U4 (10�20 cm2) U2/ U4 tobs (ms) h (%)

1.46 2.57(3) 1.94(2) 1.32 4.96(1) 70
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the previous parameters, see Section 3 of the Supplementary

Information.

The value of R is in agreement with the dominance of the

electric dipole transition in the emission spectrum and evi-

dences the existence of some asymmetry around Eu3þ ions.

The U2/ U4 ratio also suggests that Eu3þ ions are mostly

localized in symmetry sites with some degree of distortion

[26]. In addition, the nanoparticles exhibit long lifetimes

(z5 ms) and high quantum efficiencies (70%).

As stated earlier, Caron et al. studied the optical properties

of Eu3þ-doped d-(H3O)Y3F10$xH2O compounds [18]. Although

the values of R and the JuddeOfelt parameters were not re-

ported in their study, a qualitative interpretation can be made

from the emission spectra (Figure 7 of their publication)

because these parameters are directly related to the intensity

of 5D0/
7FJ transitions (see equations S1 and S2 of the

Supplementary Information). In comparison with the emis-

sion spectrum of sample T6Eu (this work), the relative in-

tensities of 5D0/
7F1 and 5D0/

7F2 transitions seem to be

similar, while the intensity of the 5D0/
7F4 transition is clearly

higher. Thus, similar values of R and U2, and a higher value of

U4 are expected for Eu3þ-doped d-(H3O)Y3F10$xH2O com-

pounds. These remarks lead us to believe that europium has

comparable crystal environments when doping d-KY3F10-
$xH2O and d-(H3O)Y3F10$xH2O structures, since in both cases

Eu3þ occupies the crystallographic position of Y3þ. The dif-

ferences expected in U4 can be attributed to the different host

lattices, as it is a long-range parameter.

In any case, the nanoparticles of this work exhibit longer

lifetimes (z5 ms) than those of Caron et al. [18], which ob-

tained a lifetime of 3.20(9) ms with a similar Eu3þ concentra-

tion for the d-(H3O)Y3F10$xH2O structure. This improvement

might be well attributed to the presence of Kþ ions in the host

lattice instead of hydroniums, which could partially quench

the luminescence. Therefore, the novel nanomaterials could

find interesting applications in photonics.
4. Conclusions

This work presents a new, simple, and high-yield method to

synthesize the d-phase of KY3F10. In order to shed some light

on the formation of the truncated triangular nanoplates, the

growth mechanism has been studied, the results showing a

strong dependence on the pH of the medium. We have also

explored for the first time the photoluminescence features of

the Eu3þ-doped nanomaterials of this structure. The electric

dipole transition domination over the emission spectrum re-

sults in an orangish emission of the powders. The zeolitic

character of this structure and the unique siteesensitive

properties of Eu3þ make these materials potentially useful

candidates as probes in detection or imaging applications. At

the same time, the optical analysis underscores their good
suitability for photonics, which could arouse widespread in-

terest among the scientific community.
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