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Abstract An aqueous solution of sodium dihydrogen phos-
phate was mixed with a aqueous solution of lanthanum nitrate
and stirred for 24 h, and the pH was adjusted to 11 using
ammonia. The obtained phosphates were analyzed using X-
ray diffraction, Fourier transform infrared spectroscopy,
thermogravimetry—differential thermal analysis, and scanning
electron microscopy. The lanthanum phosphate gel was ob-
tained with a large amount of water. The fluorescence of the
gels was investigated by substituting a part of the lanthanum
cations with cerium, terbium, and europium cations. UV—vis
reflectance and fluorescence spectra of these substituted ma-
terials were obtained and analyzed. Rrare-earth phosphate gels
with large amounts of water exhibited bluish purple, green,
and red fluorescence when cation ratios of La/Ce=70/30, La/
Ce/Tb=55/30/15, and La/Eu=95/5 were used, respectively.

Keywords Gel material - Rare earth phosphate - pH control -
Fluorescence

Introduction

Recently, fluorescent materials have been used in various
types of applications, including lights, displays, biolabels,
and paints. White light-emitting diodes are important because
of the high energy they emit and the absence of mercury in
their structures [1]. White light-emitting diodes are obtained
by mixing three-color fluorescence (blue, green and red) to
form white light. Currently, nitrides and oxides are used as
fluorescent materials [2, 3]. Attempts have also been made to
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use other inorganic compounds for the synthesis of fluorescent
materials targeting various applications [4].

Rare-earth phosphates have high melting points and large
specific surface areas [5, 6]. Rare-earth orthophosphates,
which are the main components of rare-earth metal ores, are
stable in acidic and basic solutions, and this property was used
to improve the acid/base resistance of other phosphate mate-
rials [7]. Moreover, rare-carth metals have important fluores-
cence properties. Specifically, europium-containing com-
pounds have been reported to exhibit strong fluorescence in
various materials [8].

Although gels, by weight, are mostly liquid, they behave
like solid, jelly-like materials. Gels consist of three-
dimensional cross-linked networks, and their strength varies
from soft and weak to hard and strong. Various processes have
been established to synthesize gel materials, including the use
of natural gelling agents, polymer gelling agents, and inor-
ganic gelling agents such as metal alkoxides. Metal alkoxides
are useful inorganic gelling agents for sol-gel processes
[9-12]. However, these compounds are expensive, harmful,
and difficult to handle.

Herein, lanthanum phosphate gels were synthesized from
lanthanum nitrate and sodium dihydrogen phosphate. The
respective chemical compositions and particle shapes of the
obtained products were evaluated. Their fluorescence proper-
ties were investigated by substituting a portion of the lantha-
num cations with cerium, terbium, and europium cations. The
UV-vis reflectance and fluorescence spectra of these
substituted materials were obtained and analyzed.

Experimental
A aqueous solution of sodium dihydrogen phosphate

(NaH,PO,) (0.04 mol/L) was mixed with a aqueous solution
of 0.04 mol/L of lanthanum nitrate, and stirred for 24 h. The
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solution pH was adjusted to 11 using ammonia. When the
resulting solution was left to stand for a few hours and the pH
was lowered to pH 9 by itself, a gel material was formed,
which was filtered off. The fluorescence spectra were investi-
gated by replacing a portion of the lanthanum cations with
cerium, terbium, and europium cations using the correspond-
ing nitrates. Gel materials were synthesized with cation ratios
of La/Ce=70/30, La/Ce/Tb=55/30/15, and La/Eu=95/5 [13,
14]. The respective chemical compositions of the obtained gel
materials were analyzed using X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), and
thermogravimetry-differential thermal analysis (TG-DTA).
XRD patterns were recorded on a Rigaku Denki MiniFlex
X-ray diffractometer (Rigaku Corp., Akishima, Japan) using
monochromated CuK«x radiation (scan step; 0.02°, scan
speed; 3°/min, Vertical goniometer). The IR spectra were
recorded on a HORIBA FT-IR 720 (Horiba Ltd., Kyoto,
Japan) using the KBr disk method. The TG and DTA curves
were measured using a Shimadzu DTG-60A system
(Shimadzu Corp., Kyoto Japan) at a heating rate of
10 °C/min, under air. The particle shapes of the phosphate
powder were investigated using scanning electron microscopy
(SEM, JGM-5510LV; JEOL Ltd., Akishima, Japan, acceler-
ating voltage; 15 kV). The samples were analyzed using
ultraviolet—visible (UV—Vis) reflectance with the help of a
UV2100 system (Shimadzu Corp., Kyoto Japan). The fluo-
rescence properties were measured using a luminescence
spectrometer (LS55; Perkin-Elmer, Waltham, Massachusetts,
USA).

Results and Discussion

Chemical Compositions and Particle Shapes of Lanthanum
Phosphate

Figure 1 shows the XRD patterns of the samples prepared at
pH 11. The characteristic peaks of Rhabdophane-type lantha-
num orthophosphate, LaPO, nH,O (n=0.5-2), were observed
in the XRD patterns [15, 16]. This crystal structure contains
vacant spaces in which the crystallization water can move
freely. Figure 2 shows the IR spectra of samples prepared at
pH 11. The absorption peaks at 3400 and 1630 cm ' were
attributed to the adsorbed water and water of crystallization.
The peaks at 1380 and 3200 cm ' were attributed to nitrate
anions. The peaks at 1050, 610, and 540 cm ! were attributed
to phosphate anions [17]. These results corresponded with
those obtained using XRD.

The undried sample suffered over 95 % weight loss.
Therefore, the samples were dried for 24 h, and then analyzed
by TG-DTA. Figure 3 shows the TG-DTA curves of the
samples. The DTA curve presents two endothermic peaks: a
large one at 80 °C and another at 250 °C. These peaks were
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Fig. 1 XRD pattern of the gel sample prepared from lanthanum nitrate
and sodium dihydrogen phosphate solution, at pH 11, o, LaPO4*nH,O

due to the volatilization of adsorbed water and elimination of
the water of crystallization. The TG curve presents two weight
loss events at these temperatures. The amount of water of
crystallization present, n, was 1.25, calculated from the weight
loss. By analyzing the XRD and TG-DTA curves, the chem-
ical composition of the dried sample was determined to be
LaPO, 1.25H,0. Because the original gel material suffered
more than 95 % weight loss upon drying, the amount of
adsorbed water was found to be in large excess as compared
to the water of crystallization.
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Fig. 2 IR spectrum of gel sample prepared from lanthanum nitrate and
sodium dihydrogen phosphate solution at pH 11
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Fig. 3 TG-DTA curves of the sample after drying for 24 h
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Figure 4 depicts the SEM images of the dispersed solution
and gel materials. The dispersed solution contained small
angular particles (Fig. 4a). The particle size was found to be
2-3 um at the long end and 1-2 um at the short end, with a
thickness of 0.5 um. From the SEM images (Fig. 4b), we can
see that the gel material has a flat surface. The phosphate gel
grows from the small angular particles when the solution pH is
adjusted to 11.
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Fig. 4 SEM images of samples: a dispersed solution and b gel material

Although the formation mechanism of the gel material
could not be clarified, some important factors influencing
the final structure can be taken into consideration. The
Rhabdophane-type starting structure mentioned above is im-
portant because it contains the pore sites. On the pore sites of
the Rhabdophane-type structure, a hydrogen-bond network is
formed with the ammonium cations. This network also con-
tains a large amount of water. As mentioned above, 95 %
weight loss occurred after drying. The major part of this
weight loss was due to the volatilization of water. Excess
ammonia was found to be important for gel formation, be-
cause the use of a small amount of ammonia did not afford the
gel material.

Fluorescence Properties of Phosphate Materials

The fluorescence properties were investigated by substituting
a part of the lanthanum cations in the lanthanum phosphate gel
with cerium, terbium, and europium cations. Herein, gel ma-
terials were obtained at cation ratios of La/Ce=70/30, La/Ce/
Tb=55/30/15, and La/Eu=95/5. Because cerium phosphate
forms Rhabdophane-type structures similar to those formed
by lanthanum phosphate, we also obtained cerium—lanthanum
phosphate gels. In contrast, in the case of the terbium and
europium phosphates, the Rhabdophane-type structure was
difficult to form. Further, terbium phosphate did not form
gel materials. Thus, we can conclude that the formation of
gel materials is directly related to the formation of
Rhabdophane-type structures. Because the terbium concentra-
tion in La/Ce/Tb=55/30/15 and the europium concentration in
La/Eu=95/5 are quite small, these compounds can form gel
materials.

Figure 5 shows the UV—vis reflectance spectra of samples
prepared using various ratios of rare-earth metals. All samples
showed high reflectance at visible wavelengths. An absor-
bance peak at 215 nm was observed in the spectrum of the
lanthanum phosphate gel (Fig. 5a). This absorbance corre-
sponds with the bandgap of lanthanum phosphate (5.8 eV).
The reflectance spectra of the samples prepared with cation
ratios of La/Ce=70/30 and La/Ce/Tb=55/30/15 had an ab-
sorption peak at 320 nm because of the Ce®" 5d—4f transition
(Fig. 5b and c) [18]. The adsorption peak at 230 nm in the
spectrum of the sample prepared with a cation ratio of La/Ce/
Tb=55/30/15 corresponds to the Tb*" 5d—4f transition
(Fig. 5¢) [13]. The adsorption peak at 250 nm in the spectrum
of the sample prepared with a cation ratio of La/Eu=95/5
corresponds to the Eu’"~0?" charge transfer (Fig. 5d) [19].
Absorbance peaks due to each chemical composition were
observed despite the large amount of water in the gel
materials.

Figure 6 shows the excitation and emission spectra of the
sample prepared with a cation ratio of La/Ce=70/30. The
emission and excitation wavelengths were 380 and 254 nm,
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Fig. 5 UV-vis reflectance spectra of samples, a La, b La/Ce=70/30, ¢
La/Ce/Tb=55/30/15, and d La/Eu=95/5

respectively. Wide peaks were observed in the excitation and
emission spectra, due to the f—d transition. The peak at 248 nm
in the excitation spectrum corresponds to the charge-transfer
band from O® to Ce*". The peaks at 260 and 282 nm corre-
spond to the Ce*" 4£-5d transition from *Fs), to “Ds,, and
Dy, respectively. In the emission spectrum, the peaks at 380
and 425 nm correspond to the Ce®" 4f-5d transition from
D5, to 2Fsj, and 2Fyp, respectively [13, 18, 20]. The emis-
sion light of this material was strong near the ultraviolet range.
Because the human eye cannot readily perceive ultraviolet

light, the sample seemed to exhibit bluish-purple
fluorescence.
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Fig. 6 Excitation (a) and emission (b) spectra of sample prepared at La/
Ce=70/30
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Fig. 7 Excitation (a) and emission (b) spectra of sample prepared at La/
Ce/Tb=55/30/15

Figure 7 shows the excitation and emission spectra of the
sample prepared with a cation ratio of La/Ce/Tb=55/30/15.
The emission and excitation wavelengths were 545 and
254 nm, respectively. The peak at 248 nm in the excitation
spectrum corresponds to the charge-transfer band from O*” to
Ce*". The peaks at 260 and 282 nm correspond to the Ce*" 4f-
5d transition from *Fs, to *Dsj, and *Dsn, respectively. The
peak at 390 nm corresponds to the Tb** f-f transition from ’F¢
to °Ds, respectively. In the emission spectrum, the peaks at
490, 545, 580, and 625 nm correspond to the Tb>" £-f transi-
tion from *Dy to "F, 'Fs, "F3, and "F», respectively [13, 14,
21, 22]. Because the Tb>" cation exhibits no absorbance
between 260 and 280 nm, its fluorescence is weak. When a
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Fig. 8 Excitation (a) and emission (b) spectra of sample prepared at La/
Eu=95/5
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cerium cation is added, there is energy transfer from Ce*(f-d)
to Tb*"(£-f), and the fluorescence becomes strong. Because
the 545 nm emission is dominant, the samples exhibited green
fluorescence.

Figure 8 shows the excitation and emission spectra of the
sample prepared with a cation ratio of La/Eu=95/5. The emission
and excitation wavelengths were 592 and 254 nm, respectively.
The peaks at 250 and 395 nm in the excitation spectrum corre-
spond to the charge-transfer band of the O* to Eu®" and Eu** £-f
transitions from ’F, to ° L, respectively. The peaks at 558, 589,
612, 650, and 695 nm in the emission spectrum correspond to the
Eu®" £f transition from SDO to 7F0, 7F1, 7F2, 7F3, and 7F4,
respectively [13, 20-22]. Because the emission at 590 nm is
dominant, the samples exhibited red fluorescence.

Generally, water-containing materials exhibit weak fluo-
rescence. However, the gel materials obtained in this work
contained a large amount of water, yet showed strong fluores-
cence. Rare-earth phosphate gels with large amounts of water
and with cation ratios of La/Ce=70/30, La/Ce/Tb=55/30/15,
and La/Eu=95/5, exhibited bluish-purple, green, and red fluo-
rescence, respectively.

Conclusions

Lanthanum phosphate gels with large amounts of water were
synthesized from lanthanum nitrate and sodium dihydrogen
phosphate. The chemical composition of the sample was
Rhabdophene-type lanthanum phosphate, as demonstrated
using XRD analysis. Rare-ecarth phosphate gels exhibited
bluish-purple, green, and red fluorescence when cation ratios
of La/Ce=70/30, La/Ce/Tb=55/30/15, and La/Eu=95/5 were
used, respectively. The materials synthesized in this work are
promising candidates for novel fluorescence materials that can
be used under high-moisture conditions.
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