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ABSTRACT The fluorination processes of layered rare-earth hydroxides (LRHs) intercalated with various anions,
including organic ones, have been compared for the first time. The fluorination process was investigated for
chloride-, nitrate- and 4-sulfobenzoate-intercalated Eu-doped layered yttrium hydroxides by interaction with
aqueous solutions of sodium fluoride at 100-150 °C for 2—48 hours. The final product of fluorination in all
cases is the hexagonal yttrium hydroxide fluoride (YHF) phase of Na, Y .95EUq.05(OH)34y—zF s - mH20 (2 ~ 3,
y ~ 0.2) composition. The formation rate of the YHF increases with the interlayer spacing of the Eu-doped
layered yttrium hydroxide.
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1. Introduction

Metal hydroxyfluorides (or metal hydroxide fluoride) are a broad class of compounds, most of which possess low-
dimensional structure, semiconducting properties, anisotropic particle morphology, and the presence of a large number
of surface acidic/basic centers [1]. These features of metal hydroxyfluorides cause a wide range of their applied proper-
ties. For example, transition metal hydroxyfluorides (Co, Zn, Cd, Mn, Ni, Cu, Ti, Cr, etc.) can be applied in photolu-
minescence, photocatalysis, optoelectronics, gas sensors, supercapacitors, electrocatalysts for water splitting, oxidation
catalysis, and ion batteries [1]. Rare-earth hydroxyfluorides are promising for the preparation of luminescent materials
with high refractive index and low phonon energy [2—4]. The structure of metal hydroxyfluorides can be regarded as the
structure of fluorine-substituted hydroxides or hydroxyl-substituted metal fluorides. Consequently, modification of metals
hydroxides [5] or fluorides [6] is common to obtain hydroxyfluorides.

The hydroxyl ion is an effective luminescence quencher [7]. Therefore, eliminating traces of hydroxyl ions is crucial
in synthesizing inorganic phosphors. Consequently, a systematic study focusing on the substitution of hydroxyl ions with
fluoride ions represents a significant endeavor for understanding the luminescence quenching process and for developing
new, efficient phosphors based on rare earth fluorides. A promising precursor for rare-earth hydroxyfluoride synthesis
are layered rare-earth hydroxides (LRHs or LREHs), a unique class of anion-exchange inorganic materials discovered in
2006 [8]. The structure of these compounds consists of alternating positively charged metal-hydroxyl layers and negatively
charged anion layers [9]. The high mobility of anions in the layers allows for anion exchange at room temperature.
The anion exchange ability of LRHs is used to synthesize a variety of other rare-earth compounds: vanadates [10],
tungstates [11], phosphates [12, 13], and fluorides [14]. The mechanism of such reactions is considered as dissolution-
reprecipitation [11] and topotactic [15—-17]. In the latter case, the pseudo-hexagonal arrangement of rare-earth cations is
preserved, which allows the directed preparation of given modifications of rare-earth compounds, such as 3-NaYF, [15]
and hexagonal Y(OH);_,F, [17].

Fluorination of LRHs allows one to obtain a variety of phases of rare-earth fluoride compounds, including
Lny(OH)5F-nH20 [14, 18-20], Lna(OH)4Fs - 2H20 [21], Ln(OH)3_,,,F,, [14, 16, 17,22, 23], LnF3 [16,21], MLn,,F,
(M=K, Na, NHy; Ln =Y, Na, Pr-Lu) [14-16,23]. The conditions and compositions of fluorinated layered hydroxides
are summarized in Table 1. In fluorination reactions, the type of impurity cation (Li+, K*, Nat, NHI) [16], F/Ln ratio
(0.1 - 167) [14,15], temperature (25 — 180 °C) [21], duration (0.1 — 24 h) [21] and pH [16] are varied. The alkali cations
participate in the fluorination of LRHs at high concentration of fluorine [16]. Xu et al [16] showed that the ability to
incorporate alkali cation into layered yttrium hydroxide with the formation of MY,,,F,, decreases in the NH*H, K, N at,
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Lit series, as the hydrate radii of these cations increases. The effect of F/Ln ratio on LRH fluorination was investigated
by Li et al [14]. The authors consistently obtained Y2(OH)5F-nHsO, hexagonal Y(OH); 57F; 43, cubic NH4RE3F;(, and
finally cubic NH4RE,F7 with increasing F/RE molar ratio. The balance between OH- and F- in the coordination sphere
of rare-earth during fluorination can be adjusted by changing pH [16]. In the presence of HNO3, Y2(OH)sNOg3 - nH5O
interacts with NHyF to form YF3 and NH, Y2 F~, in the presence of NH;OH-Y(OH)3_,F, and Y,O(OH)9NOg [16]. The
factors of temperature and duration of fluorination are practically not investigated in the literature. Layered rare-earth
hydroxynitrates are usually used to obtain rare-earth fluorides, but there are a few works on fluorination of lanthanum
hydroxysulfate [21] and yttrium hydroxychloride [18,22]. The above-mentioned references do not allow us to unambigu-
ously identify the role of anionic composition on the LRH fluorination process. The anionic composition determines the
interlayer distance and the stoichiometry of layered rare-earth hydroxides, so it can play an important role in the process of
their fluorination. Moreover, the organic anion can significantly influence the morphology of the formed fluoride phases,
acting as a surfactant [24].

In this work, fluorination of Eu-doped layered yttrium hydroxides (LYEuH) intercalated with different anions has
been carried out. The influence of the intercalated anion nature on the composition, structure and morphology of fluori-
nation products has been revealed. Both previously used anions (chloride and nitrate anions) in the fluorination reaction
and a new organic anion, 4-sulfobenzoate, were chosen as LYEuH’s intercalated anions. Special attention is paid to the
influence of fluorination duration (2 — 48 h) and temperature (100 — 150 °C) on the products composition and structure.

2. Experimental section

The following reagents were used without additional purification: Y(NO3)s3 - 6H20 (Aladdin, 99.5 %), Eu(NO3)3 -
6H20 (Aladdin, 99.9 %), NaCl (Shanghai lingfeng, 99.5 %), ammonia aqueous solution (Xilong scientific, 25%), potas-
sium 4-sulfobenzoate (Aladdin, 95%), NaNO3 (Shanghai lingfeng, 99.0%), and NaF (Shanghai lingfeng, 99.0%). Dis-
tilled water was used in all experiments.

To obtain Eu-doped layered yttrium hydroxychloride (ClI-LYEuH), 1 L aqueous solution containing 47.5 g Y(NOg)s -
6H-0, 2.794 g Eu(NO3)3 - 6H20 and 76.3 g NaCl was prepared. Aqueous ammonia solution was added to the prepared
solution under constant stirring until pH=7.3. The obtained suspension was refluxed in a round bottom flask for 4 hours.
The obtained precipitate was centrifuged, washed three times with water, then dried at 75% humidity over saturated NaCl
solution at 60 °C for 10 days.

To obtain Eu-doped layered yttrium hydroxynitrate (NO3-LYEuH), 0.2 g of CI-LYEuH was dispersed in 20 mL
aqueous solution containing 2.55 g of sodium nitrate and left under constant stirring for 24 hours. The obtained precipitate
was centrifuged, washed three times with water, then dried at 60 °C for 24 hours.

To obtain Eu-doped layered yttrium hydroxysulfobenzoate (4sb—-LYEuH), 2.4 g of potassium 4-sulfobenzoate was
dissolved in 200 mL of water and the resulting solution was adjusted to pH=6.8 with aqueous ammonia solution. 100 mg
of CI-LYEuH was suspended in 30 mL of the 4-sulfobenzoate solution, and the resulting suspension was hydrothermally
treated in a 100 mL autoclave at 120 °C for 24 hours. The obtained precipitate was centrifuged, washed three times with
water, then dried at 60 °C for 24 hours.

Fluorination of Eu-doped yttrium layered hydroxides was conducted according to the following scheme. Three
different mixtures of 50 mL of 0.05 M NaF solution with 100 mg of CI-LYEuH, or 110 mg of NO3—LYEuH, or 140 mg of
4sb—LYEuH (F:Ln ratio = 20:1) were prepared in a 100 mL Teflon autoclaves. The resulting suspensions were stirred for
5 minutes at room temperature, followed by hydrothermal treatment at 100 °C or 150 °C for 2 — 48 hours. The obtained
precipitate was centrifuged, washed three times with water, then dried at 60 °C for 24 hours.

Powder X-ray diffraction (PXRD) of layered hydroxide samples was carried out by powder X-ray diffraction on
a Tonga TDM-10 diffractometer using CoKa radiation, in the range of angles 20 5° — 65° with a step of 0.05°. The
identification of the obtained phases was performed by comparison with previously obtained experimental diffractograms
and with the PDF2 database. The unit cell parameters were refined by the Le-Bail method in MAUD software.

IR spectra were obtained in the mode of attenuated total reflection on an iCAN 9 FTIR spectrometer, using a ZnSe
crystal with a resolution of 1 cm™1.

Thermogravimetric analysis of 10 — 14 mg samples was performed on a Mettler Toledo TGA 2 analyzer when heated
at a rate of 10K/min in an argon flow.

Microphotographs were obtained by scanning electron microscopy (SEM) on a Carl Zeiss NVision40 workstation
with local X-ray spectral microanalysis (EDX). Elemental ratios were determined using INCA software.

Luminescence spectra of the powders were examined on a PerkinElmer FL8500 fluorescence spectrometer with a
resolution of 0.1 nm. Excitation spectra were recorded at wavelength \.,,, = 616 nm, luminescence spectra were recorded
at wavelength A., =394 nm.

3. Results and discussion

According to PXRD data (Fig. 1), CI-LYEuH was obtained without impurities as a single-phase (Fig. 1). The Cl-
LYEuH diffractogram was indexed in orthorhombic system in P2;2,2 space group according to [25]. The CI-LYEuH
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TABLE 1. Fluorination conditions of layered rare-earth hydroxides according to literature data

Zh. Liu, S. V. Golodukhina, S. V. Kameneva, A. D. Yapryntsev

Composition of LRHs Reaction conditions Composition of products References
Lny(OH);NO3 - nH2O NH,F Lny(OH)sF [14]
Ln=Y/Eu or Y/Yb/Er F:Ln=3-167 Ln(OH)q 57F7 43
3h NH4Ln3zFqo
25°C NH,4LnoF7
Y5(OH);NO; - nH,0: Ln®* NaF B-NaYF4:Ln3T (Ln=Yb/Er, Yb/Tm) | [15]
Ln=Yb/Er, Yb/Tm 0.1-24h
180 °C
Y2 (OH);NO; - nHyO: Eut, Tb3 NH4F+HNO;+ MOH | YF; [16]
(M =Li, Na, K) MY, F,
F:Ln=0.5-10 Y(OH)3_,F,
10h
180 °C
Lny(OH)5NO3 - nH2O NH,F Ln(OH)3_,,Fp, [17]
Ln=Y, Pr-Lu 1h
80 °C
Euy(OH)5Cl-nH20 NaF Lny(OH)5F-nH20 [18]
lh
25°C
(Y/Eu)2(OH)sNO3 - nH2O NH4F (Y/Eu)2(OH)5F-nH,0 [19]
F:Ln=0.1 -0.4
2h
25°C
Lny(OH)5NO3 - nH2O KF Lny(OH)sF-nH2O [20]
Ln=Y, Pr-Er 12h
25°C
(Lag.97REq.01 Ybg.02)2(OH)4SO4 - 2H20 | NH4F Lna(OH)4F3 - 2H20 [21]
(RE = Ho, Er) F:Ln=5 LnF3
0.5-24h
25,180 °C
Y5(OH)5Cl-1.4H,0: Ln** NaF Y(OH)2 92F¢ 95 [22]
Ln=Eu, Tb, Dy, Sm 3h
180 °C
(Y0.95Eu0.05)2(OH)sNO3 - nH20 NH4F Y(OH)3—,Fr, (23]
F:Ln=1-66 KsLngF3o
3h

90 °C
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cell parameters were refined as a = 12.6855(15) A, b = 7.1671(7) A and ¢ = 8.4373(9) A. The parameters ob-
tained are smaller than those for pure layered europium hydroxychloride (a = 12.9155(3) A, b = 7.3763(1) A, ¢ =
8.7023(3) A) [26] and larger than those for pure layered yttrium hydroxychloride (a = 12.6600(1) A, b = 7.1431(1) A,
c = 8.4209(3) A) [26]. This confirms the formation of layered yttrium-europium hydroxychloride solid solution. Accord-
ing to EDX data, the ratio Y:Eu:Cl=1:0.053(2):0.444(15), which is close to the nominal (Y .95Eug.95)2(OH)5Cl-nH5O
composition.
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F1G. 1. Diffraction patterns (a—c) and FTIR spectra (d-f) of Eu-doped layered yttrium hydroxychloride
(a, d — CI-LYEuH) and products of its anion-exchange with sodium nitrate (b, e — NO3—LYEuH) and
potassium 4-sulfobenzoate (c, f — 4sb—LYEuH). Diffraction patterns were obtained using CoKa radia-
tion

Figure 1 shows the diffraction patterns of NOs—LYEuH (Fig. 1b) and 4sb—LYEuH (Fig. 1¢) obtained by anion ex-
change from ClI-LYEuH. X-ray diffraction patterns were indexed according to literature data: NO3-LYEuH in the Pc
space group [27] and 4sb-LYEuH in the P2;/c space group [28]. As a result of anion-exchange reactions, the basal
interlayer distance of Eu-doped layered yttrium hydroxide increases from 8.4 A to 9.1 A upon intercalation of nitrate
anion (Fig. 1b) and to 13.1 Aupon intercalation of 4-sulfobenzoate anion (Fig. 1c). This agrees well with the increasing
hydrated radius of anions in the series: chloride- (3.2 A), nitrate- (3.5 A) and 4-sulfobenzoate- anion (~8 A) [29]. Ac-
cording to EDX data, the europium content is maintained in the range of 0.049 — 0.053 after anion exchange. The ratio
S/(Y+Eu)=0.28+0.01, which agrees well with the stoichiometric composition (Y¢.95Euq.05)2(OH)5(C5H4055)¢.5 - nH20
for 4sb—-LYEuH.

The chloride substitution by nitrate and 4-sulfobenzoate anions is confirmed from the FTIR spectroscopy data in
Fig. 1(d—f). On the FTIR spectrum of NOs—LYEuH (Fig. le) a nitrate group stretching vibration band appeared with a
maximum at 1624 cm ™. A broad band in the NO3—LYEuH FTIR spectra with a maximum at 3373 cm ™" is attributed to
the O—H valence vibrations of intra-layer hydroxyl groups and inter-layer water molecules. In comparison with the FTIR
spectrum of CI-LYEuH (Fig. 1d), this band shows no fine structure, indicating the formation of more hydrogen bonds.
A sulfate group stretching vibration band with a maximum at 1172 cm ™! and a carboxyl group stretching vibration band
with a maximum at 1432 cm™* appeared in the IR spectrum of 4sb—LYEuH (Fig. 1f) [28].

The PXRD results of Eu-doped layered yttrium hydroxychloride fluorination at 150 °C for different durations are pre-
sented in Fig. 2. The interaction of CI-LYEuH with sodium fluoride for 2 h results in a basal interlayer distance decrease
from 8.4 A to 7.4 A, which is due to the replacement of chloride anions (of 3.2 A hydrated radius) by smaller fluoride an-
ions (of 2.6 A hydrated radius) [29] and the formation of stronger and shorter hydrogen bonds involving the fluoride anion
in the interlayer space of LRHs [20]. This substitution produces a phase of the (Y.95Eug.o5)2(OH)sF-nH20O composi-
tion [14]. The diffraction pattern (Fig. 2Aa, marked with an asterisk) of the 2 hours fluorination product shows reflexes of
the second phase — hexagonal Eu-doped yttrium hydroxyfluoride (YEuHF) of Y 95Eug.05(OH)3_,F, composition (UCl3
type system) [30]. This indicates that fluoride anions transform the layered structure by replacing some of the hydroxyl
groups in it. Increasing the duration of hydrothermal treatment up to 12 h results in the formation of single-phase YEuHF.
Further increase of duration does not affect the phase composition of the products. The matching of some reflections of
CIl-LYEuH and YEuHF indicates the maintenance of some atomic planes during fluorination, which allows us to consider
this transition as topotactic [15].
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For single-phase Y 95Eug.05(OH);3_,F, obtained from CI-LYEuH, the a and c cell parameters have been calculated
in the space group P63/m (Z = 2) [30]. Both parameters slightly decrease with increasing fluorination duration: a =
6.0486(14) A, ¢ = 3.5610(8) A for 12 h; a = 6.0370(10) A, ¢ = 3.5576(6) A for 24 h; a = 6.0348(23) A, ¢ =
3.5542(15) A for 48 h. Nishizawa et al [30] showed a near linear decrease in the parameter a (6.1976 — 6.0620 A)
with increasing x (0.65 — 1.43) in Y(OH)3_,F,. Decreasing of lattice parameters in our experiment likely indicates that
z (in Y¢.95Eug.05(OH)3_.F,) increases with longer fluorination time. Although europium doping usually increases the
parameters of yttrium compounds, in our case the parameter a is smaller in absolute value than for the variable composition
phase Y(OH)s_,F, (x = 0.65 — 1.43). This may indicate that x > 1.43, which is difficult to achieve by synthesis under
mild hydrothermal conditions. According to the literature [31], sodium cations also contribute to the stabilization of
phase with higher fluorine content, which could increase up to the formation of hexagonal NaYFy (a = 5.966 — 5.976 A,
c=3.518-3.5314)[32,33].
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FIG. 2. (A) Diffraction patterns and (B) FTIR spectra of (a) CI-LYEuH and the products of fluoriation
at 150 °C for (b) 2, (¢c) 12, (d) 24 and (e) 48 h. Diffraction patterns were obtained using CoKa radiation

Additional information on layered structure transformation during CI-LYEuH fluorination is provided by FTIR spec-
troscopy data. After fluorination, the intensity of the OH stretching vibration bands (~3500 cm ') and HOH deformation
vibrations band (~1650 cm™') decreases, indicating the substitution of hydroxyl groups by fluoride anions and the de-
struction of the layered structure, which leads to lower content of interlayer and intralayer water. At the same time, the
band of water deformation vibrations (~1650 cm™1) does not disappear completely, indicating that the composition of
YEuHF can be rewritten as Yg.95Eug.05(OH)3_,F, - mH20. At the same time, the bands in the low-frequency region
of the spectrum increase in intensity (~950 cm™! and ~760 cm ™). Despite the fact that these bands are characteristic
for metal hydroxyfluorides [30, 34, 35], their interpretation is not obvious. Wan et al. [35] indicate that peaks at low
wavenumbers (1050 — 620 cm ') are from M—OH and M—F bending mode vibration bands. Klevtsov et al [36] and He
et al [34] attribute the absorption bands in the 550 — 800 cm ™! region belong to the OH deformation frequencies. In the
same region (< 1000 cm ™), rocking modes of the coordinate water molecule can be observed [37].

One of the features of Eu®* luminescence is the sensitivity to the local environment of europium cation [38]. This
feature allows us to use luminescence spectroscopy as an additional tool for monitoring the local structure of rare-earth
cations during fluorination. Fig. 3 shows the excitation ()., = 616 nm) and luminescence spectra (A, = 394 nm) of Cl-
LYEuH (Fig. 3a,c) and corresponding YEuHF (150 °C, 48 h) (Fig. 3b,d). The excitation spectra of the samples (Fig. 3a,b)
are similar and in good agreement with literature data for layered europium hydroxychloride [25]. The luminescence
spectra of the samples (Fig. 3c,d) excited through the maximum emission band “Fy — 5Lg (394 nm) contain typical Eu®*
bands of °Dg — F 7 (J =0-4) f — f transitions. The ratio of the intensity ratio of the Dy — R, electrodipole transition
(hypersensitive to the Eu®" environment) to the intensity of the °Dy — "F; magnetodipole transition (insensitive to the
Eu®* environment) increases with decreasing symmetry of the Eu>* environment [39]. In layered rare-earth hydroxychlo-
ride structure, rare-earth cations occupy the eight-coordination and nine-coordination positions, in local symmetry groups
of C; and CYy,, respectively [25]. After fluorination, the relative intensity of the 5Dy — "F, transition increases, indicating
a decrease in the symmetry of the Eu®" environment during fluorination. Apparently, there is a partial substitution of OH-
by F- that generates some local distortions and symmetry descent.
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FI1G. 3. Excitation (a, b) and emission (c, d) spectra of CI-LYEuH (a, c¢) and the product of fluoriation
at 150 °C for 48 h (b,d)

Fig. 3a shows the thermal analysis data of CI-LYEuH and its fluorination products at 150 °C for 2 h (Fig. 3b) and 48 h
(Fig. 3¢). Based on the mass loss in the first stage (25 — 220 °C), the hydrate water content of the CI-LYEuH was refined
as (Yo.95Eu0.05)2(OH)5CI-1.6H2 O. With increasing fluorination duration, a decrease in the total mass loss was observed,
which is in good agreement with the decrease in the water content and hydroxyl groups in Yg.g95Eug.05(OH)3_,F, - mH5O
compared to (Yg.95Eup.05)2(OH)5Cl-1.6H-2O. Fig. 3d—f also shows differential thermal analysis data, which indicate a
shift in the dehydroxylation temperature (220 — 350 °C) during the fluorination of (Y¢.95Eug.g5)2(OH)5Cl-1.6H>0. For
CI-LYEuH, the temperature of the maximum dehydroxylation rate is 329 °C. After fluorination of CI-LYEuH for 2 hours,
the temperature decreases to 270 °C. This sample corresponds mainly to the (Y 95Euq.05)2(OH)5F-nH2O phase (Fig. 2b),
which seems to be characterized by a smaller number of free hydroxyl groups displaced by the fluoride anion in interlayer
space. The appearance of freer hydroxyl groups contributes to a lower removal temperature. Fluorination of Cl-LYEuH
for 48 h results in the formation of the YEuHF phase, in which the hydroxyl groups are firmly bonded in the crystal
structure. The larger number of halide ions and stronger OH-Hal hydrogen bonds in the case of Y 95Eug.05(OH)s_,F, -
mH20O compared to (Yg.95Eu0.05)2(OH)5Cl-1.6H50O contribute to the increase of the dehydroxylation temperature up to
346 °C (Fig. 4f).

The results of PXRD and FTIR spectroscopy for the NO3—LYEuH fluorination at 150 °C are presented in Fig. 9
(see Appendix). As in the case of CI-LYEuH (Fig. 2), fluorination occurs through the formation of the
(Yo.95Eu0.05)2(OH)5F-nH50 phase (Fig. 9Ab) and is completed by the Y. 95Eug.05(OH)3_,F, - mH2O formation within
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FIG. 4. Mass loss curves (a—c) and their derivatives (d—f) for CI-LYEuH (a,d) and the products of
fluoriation at 150 °C for 2(b,e) and 48 h (c,f)



110 Zh. Liu, S. V. Golodukhina, S. V. Kameneva, A. D. Yapryntsev

12 h (Fig. 9Ac). This is confirmed by FTIR spectroscopy data (Fig. 9B). After NO3-LYEuH fluorination, the nitrate
stretching vibration band with a maximum at 1335 cm ™! completely disappears, and the intensity of the OH stretching
vibration bands (3400 cm ™) and the water deformation vibrations (1650 cm ') decreases. However, in comparison with
the FTIR data for CI-LYEuH fluorination (Fig. 2), there is a shift in the bands of deformation OH vibrations, which
may indicate the formation of oriented attachment structures (mesocrystals) [34]. The disappearance of the narrow OH
stretching vibration band of hydroxyl group (> 3600 cm™') indicates a high fluorination efficiency — the full replacement
of free hydroxyl groups by fluoride ions. The higher efficiency of NO3-LYEuH fluorination compared to CI-LYEuH is
indicated by the smaller cell parameter a for YEuHF: a = 6.0343(18) A, ¢ = 3.5546(10) A for 12 h fluorination and
a = 6.0249(11) A, ¢ = 3.5553(5) A for 48 h fluorination.

At 150 °C there are no significant differences in the fluorination rates of CI-LYEuH and NO3-LYEuH. However,
the situation changes when the temperature is reduced to 100 °C (Fig. 5). As the temperature decreases, the rate of
fluorination slows down in both cases. After 2 h of CI-LYEuH fluorination, it was possible to obtain a single-phase
of (Yo.95Eu0.05)2(OH)5F-nH5O without impurity of Y .95Eug.05(OH)3_,F, - mH>O (Fig. 5a). The NO3—LYEuH flu-
orination rate at 100 °C is markedly higher than that for CI-LYEuH. The single phase Y. 95Eug.05(OH)s_.F, - mH>0
is formed within 24 h of NO3-LYEuH fluorination (Fig. 5d), while for CI-LYEuH fluorination products, a mixture of
Yo.95Eu9.05(OH)3_,F, - mH20 and (Y¢.95Eug.05)2(OH)sF-nH5O phases is retained for the same time (Fig. 5b). Thus, it
can be concluded that the NOs—LYEuH fluorination rate is higher than that for CI-LYEuH.
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FI1G. 5. X-ray diffraction patterns of (a,b) CI-LYEuH and (¢,d) NO3—-LYEuH after fluoration at 100 °C
for (a,c) 2hand (b,d) 24 h. ‘ - (Y0_95Ell0_05)2(0H)5F'TLH20 phase, * — Y0A95EUO.O5(OH)3_3¢F3¢ mHQO
phase. Diffraction patterns were obtained using CoK« radiation

The 4sb—LYEuH fluorination process differs significantly from the CI-LYEuH and NO3;-LYEuH fluorination. Ac-
cording to PXRD (Fig. 6), the formation of single-phase Y 95Eug.05(OH)3_,F, - mH20 is observed within 2 h. The
(Y0.95Eu0.05)2(OH)5F-nH20 phase didn’t appear during the 4sb—LYEuH fluorination process, which indicates different
fluorination mechanism compared to the CI-LYEuH and NO3—LYEuH fluorination. As well as the rates, the fluorination
efficiency also increases for 4sb-LYEuH, as indicated by the decrease of the cell parameters of
Y0.95Eu0.05(OH)3_ ,F-mH0 to the minimum values of a = 6.0041(10) A, ¢ = 3.5463(6) (4sb—LYEuH fluorination
at 150 °C for 48 h).

According to the FTIR spectroscopy data (Fig. 6B), 4sb—-LYEuH fluorination for 2 — 12 h leads to a significant
decrease in the OH stretching vibration band and 4-sulfobenzoate anion characteristic vibrations band intensities. This
indicates the retention of trace amounts of organic anion in the fluorination products for 2 — 12 h. These bands disappear
completely when the fluorination duration reaches 24 h, indicating the formation of a pure product. Note that water is
practically absent in the fluorination products of 4sb—-LYEuH, as indicated by the very low intensity of HOH vibration
band in the region of 1650 cm™'. This is in good agreement with the difference in the structure of 4sb-LYEuH [28] and
CIl-LYEuH [26] or NO3s-LYEuH [27]. Firstly, 4sb—LYEuH has lower water per rare-earth atom ratio, and secondly, water
molecules in 4sb—-LYEuH interlayer space do not coordinate to the rare-earth atoms [28]. That makes inclusion of water
molecules in fluorinated structure very unlikely. In the case of CI-LYEuH or NOs—LYEuH, water molecules are involved
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FI1G. 6. (A) Diffraction patterns and (B) FTIR spectra of (a) 4sb—-LYEuH and the products of fluoriation
at 150 °C for (b) 2, (c) 12, (d) 24 and (e) 48 h. Diffraction patterns were obtained using CoK« radiation

in the coordination sphere of rare-earth atoms [26,27], which significantly increases the probability of their capture during
fluorination.

Figure 7a shows the content of elements (Y, Eu, F, Na) in the fluorination final products (duration of 48 h) of Cl-
LYEuH, NOs-LYEuH, and 4sb—LYEuH. Taking into account presence of sodium ions, the composition of fluorinated
materials can be rewritten as Na, Y. 95Eug.05(OH)3—F, - mH20. According to EDX data for all compositions, x ~ 3,
and y ~ 0.2. This indicates that the anionic composition does not affect the composition of the formed product. The
anionic composition affects the fluorination rate, as can be seen in Fig. 7b, the rate increases in the series of anions:
chloride, nitrate and 4-sulfobenzoate. The increase in the rate can be related to the increase in the interlayer distance in
the corresponding series. The interlayer distance can be calculated by subtracting the thickness of the metal-hydroxide
layer (5.5 A) from the basal interlayer distance (Fig. 1) [9]. The corresponding value increases in the series of intercalated
anions: chloride (2.9 A), nitrate (3.6 A) and 4-sulfobenzoate (7.6 A). Apparently, increasing the interplanar distance
accelerates the diffusion of fluoride anions into the yttrium-europium layered hydroxide structure, thereby increasing the
contact area and interaction rate. In the case of 4-sulfobenzoate, the interplanar distance was so high that the formation of
the intermediate phase of (Y(.95Eug.05)2(OH)sF-nH2O was not observed.
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F1G. 7. (A) EDX data for CI-LYEuH, NO3;-LYEuH, and 4sb-LYEuH after fluorination at 150 °C for
48 h. (B) Approximate duration of formation of single-phase NayY( 95Eug.05(OH)31,—,F, - mH20
from CI-LYEuH, NO3-LYEuH, and 4sb—LYEuH at 150 °C
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In order to investigate the mechanism of fluorination, the morphology of the obtained Na, Y .95 Eug.05(OH)31y—.Fz -
mHsO particles was studied by scanning electron microscopy (Fig. 8). In all cases, fluorination results in the formation
of rod-like nanoparticles of Na, Y. 95Eug.05(OH)34.— . F. - mH>0, whose size and shape differ depending on the anionic
composition of the precursor. In the case of CI-LYEuH and NOs;—-LYEuH fluorination, the morphology of the lamellar
particles is partially preserved, indicating a topotactic reaction mechanism in these cases [15-17]. The tendency to mor-
phology preservation is more remarkable for CI-LYEuH, which can be explained by the lowest fluorination rate. In the
case of NO3-LYEuH fluorination, the laminae are completely fragmented into rod-like particles, forming aggregates of
interlocked particles like “bamboo mat”. Such structures are similar to the oriented attachment structures described for
yttrium hydroxyfluorides [34,40].

F1G. 8. SEM images of (a,b) CI-LYEuH, (c,d) NOs-LYEuH, and (e,f) 4sb—-LYEuH before (a,c,e) and
after (b,d,f) their fluorination at 150 °C for 48 h

It should be noted that chloride anion is exchanged for nitrate anion at room temperature without change in the
morphology of the lamellar particles (Fig. 8a,c). When the chloride anion is exchanged for 4-sulfobenzoate anion under
hydrothermal conditions, the size of lamellar particles increases significantly (Fig. 8e), indicating the active participa-
tion of dissolution- recrystallization processes during ion exchange involving 4-sulfobenzoate anion. Despite the larger
particle size, and thus slower diffusion of fluoride anions, the 4sb—LYEuH fluorination occurs most rapidly, indicating dif-
ferent fluorination mechanisms for 4sb—LYEuH and CI-LYEuH or NO3;-LYEuH. In the case of 4sb—LYEuH fluorination,
sheaves of rod-like particles are formed without retaining a lamellar morphology, which agrees well with the mechanism
proposed earlier in the literature for the fluorination of layered yttrium hydroxide [17]. This mechanism involves stages of
ion exchange, exfoliation, oriented attachment, and Ostwald ripening. Exfoliation prevents the lamellar morphology from
remaining as in the case of CI-LYEuH or NO3—LYEuH. Thus, the anionic composition of the LRHs determines both the
rate and mechanism of their fluorination process.
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4. Conclusions

The interaction of Eu-doped layered yttrium hydroxide with aqueous solutions of sodium fluoride yielded the Eu-
doped yttrium hydroxyfluoride phase of Na, Y 95Eug.05(OH)3y—.F; - mH20 (z ~ 3, y ~ 0.2) composition. For the
first time, rare-earth hydroxyfluoride was prepared from layered rare-earth hydroxide intercalated with an organic (4-
sulfobenzate) anion. It is shown that the increase in the reaction temperature (from 100 to 150 °C) and the increase in
the interlayer distance of layered hydroxide lead to higher rate of fluorination. The formation rate of Eu-doped yttrium
hydroxyfluoride increases in the following series of intercalated anions: chloride-, nitrate-, and 4-sulfobenzoate-anions.
In the same series, the tendency to retain the morphology of lamellar particles after fluorination decreases. The high vs
low fluorination rate, the absence vs presence of the intermediate (Y .95Eug.95)2(OH)sF-nH20 phase and the sheaf-like
vs laminar morphology of the particles indicate difference in fluorination mechanism of Eu-doped layered hydroxysul-
fobenzoate and Eu-doped layered yttrium hydroxynitrate or hydroxychloride.
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