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Abstract

Uniform and well-crystallized YPO, + 0.8H,0 and YPO, * 0.8H,0:Tb*", Eu®*
nanocrystals have been successfully synthesized by a facile hydrothermal method
using trisodium citrate (Cit") as a “shape modifier”. X-ray diffraction (XRD), field
emission-scanning electron microscopy (FE-SEM), high-resolution transmission
electron microscopy (HRTEM) and photoluminescence (PL) spectra were used to
characterize the samples. It was found that the pH value in the initial solution was
responsible for shape determination of final products. In addition, the YPO, + 0.8H,0
samples prepared by Cit* -assisted hydrothermal synthesis exhibited an intense and
bright blue emission. Characterized with Fourier transform infrared (FT-IR) spectra
and Electron paramagnetic resonance (EPR) spectra, the carbon-related impurities
induced by trisodium citrate (Cit*) in the hydrothermal process were confirmed and
proved that the paramagnetic defects relating to the luminescence property existed in
the luminescent YPO, - 0.8H,O nanocrystals. More interesting was that the YPOy, *
0.8H,0:Tb*", Eu®" samples could be effectively excited with 380 nm and the
luminescence colors of YPOy + 0.8H,0: Tb>", Eu®" nanocrystals can be easily tuned
by changing the concentration of Eu’* ions due to an efficient energy transfer from
Tb>" to Eu’". These results revealed that the combination of the defect luminescence
and rare earth-doping emission in YPO, * 0.8H,O: Tb>*, Eu’" nanocrystals could
result in tunable emission in a large color gamut, which may be potentially applied in
fields such as solid state lighting and field emission displays.

Keywords: Nanocrystals; Hydrothermal synthesis; Defect luminescence; Tunable
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luminescence

1. Introduction

In recent years, inorganic luminescent materials/phosphors are playing a key role
in applications of lighting (e.g., fluorescent tubes and LEDs), displays (e.g., cathode
tube display and field emission display), imaging (computed tomography), etc. ™ The
current attention on energy savings and green issues gives a boost to the development
of LEDs for lighting, due to their advantages of high efficiency, compactness, long
operational lifetime, and environmental friendliness.”” Rare earth luminescent
materials have attracted much attention of scientists due to their unique electronic,
optical, and chemical properties resulted from the 4f shell of the ions and were
extensively applied to high-performance magnets, luminescence devices, displays,
biolabeling, optical imaging, or phototherapy, etc.*” It is well known that the intrinsic
properties of inorganic materials are determined by their sizes, shapes, morphologies,
compositions, and crystallinity.’ Thus, further explorations of well-controlled shapes
and novel structures of inorganic rare earth luminescent materials have become an
important research subject faced by synthetic inorganic chemists.

To date, great efforts have been devoted to design inorganic nanomaterials with
well-defined sizes, shapes, and crystallinity, such as lanthanide hydroxide

8-11

nanowires/nanorods, nanotubes, nanosheets, lanthanide  orthophosphate

12-15 16-19

nanocrystals, nanowires/nanorods and nanofibers.”’ Nowadays, it is widely

accepted that one of the promising and popular strategies of shape and size control is



Journal of Materials Chemistry C

to select carefully an appropriate organic additive with functional groups that
selectively adhere to a particular crystal facet and lead to the morphological
modification of the crystals.”’ Among a variety of organic additives, trisodium citrate
(labeled as Cit™) is one of the most common and important organic molecules that has
been used extensively as the stabilizer and structure-directing agent to control the
nucleation, growth and alignment of crystals.”** For instances, Qian and coworkers
reported the influences of Cit* on the Co nanowires®* and doughnut-shaped ZnO
microparticles.”” Moreover, the trisodium citrate has effects on the luminescence of
materials except the “shape modifier”.

LnPO, (Ln=Y, La, Gd, Lu) has high thermal and chemical stability*® because the
mentioned Ln®" has an empty or half-filled or fully filled 4f electron shell with stable
structure. LnPOy4 (Ln3+ =Y, La, Gd, Lu) is suggested to be an excellent host for
luminescent materials. In recent years, the compounds LnPO4 (Ln =Y, La, Gd, Lu)

d.'*!® Hasse and co-workers obtained LnPO,

have been Ilargely investigate
nanocrystals dispersions with good optical properties using a surfactant-assisted
route.”” Feldmann and coworker synthesized luminescent LaPO4:Ce®’,Tb*
nanoparticles with a high quantum yield using a microwave-assisted synthesis method
with ionic liquids as the reaction media.”® However, there are still few reports on the
synthesis and luminescent properties of YPO4 * 0.8H,O nanocrystals. In this work,
we chose to synthesize Tb**/Eu’"-doped YPO, + 0.8H,0 nanocrystals for two specific

reasons. On the one hand, we attempted to control the size, morphology, and

crystallinity of YPO, * 0.8H,0 nanocrystals by use of an organic additive (Cit") via
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the hydrothermal process and try to analysis the mechanism of the luminescence. On
the other hand, Tb’" and Eu®" in some crystalline modifications of orthophosphates
were themselves excellent green and red light emitting centers, respectively. The
luminescent properties of Eu’, Tb’"-codoped YPO4 * 0.8H,O phosphors were
investigated in detail and energy transfer mechanism between rare earth ions was also
discussed.

2. Experimental details

2.1. Preparation of Eu**/Tb*"-doped YPO, - 0.8H,O Nanocrystals

Materials. Lanthanum oxide, terbium oxide and europium oxide (all 99.99%) were
used as the starting raw materials. All other chemicals used were analytical grade
without further purification. Rare earth nitrate (Tb(NOs3); and Eu(NO;);) stock
solutions of 0.1 M and 0.2 M were prepared by dissolving Eu;O; and TbsO7 in
concentrated HNO; at elevated temperature. The yttrium nitrate hexahydrate
(Y(NO3)3 - 6H,0) and sodium phosphate (Na;PO,4) were used as the yttrium source
and phosphate source, respectively. Meanwhile, trisodium citrate (A. R.) was used as
the “shape modifier”.

Synthesis. In a typical procedure, 2mmol Y(NO;); - 6H,0 was added to the 20 mL of
the aqueous solution containing the 2mmol of trisodium citrate (Cit) to form the
Y**-Cit* complex (1:1 molar ratio for Cit*/Y>"). After vigorous stirring for 30 min, 2
mmol of Na;PO, was added into the above solution. The pH of the mixture was
adjusted to a specific value by adding NaOH solution (3M) or HNOs (1M) solution.

After additional agitation for 15 min, the as-obtained mixing solution was transferred
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into a Teflon bottle held in a stainless steel autoclave, sealed and maintained at 180 °C
for 24 h. As the autoclave was cooled to room temperature naturally, the precipitates
were separated by centrifugation, washed with deionized water and ethanol in
sequence, and then dried in air at 60 °C for 12 h. Finally, the uniform distribution
spherical Y(06PO4 + 0.8H,0: 0.04Tb*" nanocrystals were obtained. The experiment
was repeated at similar conditions for the synthesis of Y(9s.x) PO4 + 0.8H,O: 0.04
Tb3+, x Eu*".
2.2. Characterization

X-ray powder diffraction (XRD) measurements were performed on a
Rigaku-Dmax 2500 diffractometer at a scanning rate of 15 °/min in the 26 range from
10° to 65°, with graphite monochromatized Cu Ka radiation (A = 0.15405 nm). The
morphology and size of the obtained samples were examined by a field
emission-scanning electron microscope (FE-SEM, XL30, Philips) and high-resolution
transmission  electron  microscopy  (HR-TEM). The  ultraviolet-visible
photoluminescence (PL) excitation and emission spectra were recorded with a Hitachi
F-7000 spectrophotometer equipped with Xe-lamp as an excitation source. Fourier
transform infrared (FT-IR) spectrum was obtained with a Perkin-Elmer 580B infrared
spectrophotometer with the KBr pellet technique. Electron paramagnetic resonance
(EPR) spectra were obtained on a JES-FA 200 EPR spectrometer. The luminescent
dynamics were investigated using a three part laser system consisting of a (i) Nd:YAG
pumping laser (1064 nm), (ii) third-order harmonic generator (blue laser at 486 nm),

and (iii) tunable optical parametric oscillator (OPO, Continuum Precision II 8000);
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with a pulse duration of 10 ns, repetition frequency of 10 Hz, and line width of 4-7
cm . All the measurements were performed at room temperature.
3. Results and Discussion
3.1. Phase Identification and Morphologies

The composition and phase purity of the as-prepared powder samples were first
examined by XRD. Different pH values for the synthesis of single phase YPO, *
0.8H,0 nanocrystals were investigated by varying the base or acid (NaOH or HNO3)
concentration used in the reaction system. Figure 1 (a)-(g) presented the XRD patterns
of prepared YPO, + 0.8H,O samples at different pH vales from 6 to 12, respectively.
And it can be observed that no impurity lines were observed and all the diffraction
peaks can be indexed to the pure hexagonal phase of hydrated YPO, samples. Figure
2 showed representative X-ray diffraction patterns of the YPO, < 0.8H,O (a); YPO, *
0.8H,0: Tb>™ (b) ; YPO, + 0.8H,0: Eu’* (c); YPO, + 0.8H,0: Eu’*, Tb** (d) samples,
respectively. All the diffraction peaks can be readily indexed to pure hexagonal phase
according to the JCPDS file No. 42-0028. No obvious shifting of peaks or second
phase can be detected at current doping level, indicating that the Tb** and Eu’* ions
were completely dissolved in the YPO,4 + 0.8H,O host lattice by substituting for the
Y*". It is also observed that the XRD patterns in Figure 2(b)-(d) shows broad
diffraction peaks, so that YPO4 + 0.8H,O: Eu’ ’ Tb** particles with nanometer size are
expected to form.

The FE-SEM and TEM images provide direct information about the size and

typical shapes of the as-synthesized YPO, * 0.8H,O samples grown under different
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experimental conditions. Figure 3 illustrated the representative FE-SEM and TEM
images of the samples prepared at different pH values. The representative panoramic
FE-SEM images shown in Figure 3 (a) and (b) demonstrated that the product was
composed of a great deal of hexagonal nanoprisms with 120 nm in diameter and 130
nm in length at pH=6, respectively. Moreover, the hexagonal nanoprisms were
uniform distribution, the crystallographic facets were very smooth and clear. When
the pH value of the initial solution was increased to 11 adjusted with NaOH (3 M), the
spherical-like nanoparticles were produced as shown in Figure 3(c) and 3(d).
However, we can see that the well-defined crystallographic facets of hexagonal
prisms were not very evident and a small quantity of spherical-like particles can also
be observed. Furthermore, the surfaces of crystals were very coarse with some smaller
nanoparticles attached on them. These results powerfully demonstrated that the
different pH values of the precursor showed a large impact on the morphologies and
nanostructures of YPO4 * 0.8H,0, and increase of the pH value will make the
particles become uneven. Therefore, a crystallization pH value of 6 was optimal.
What is more, it is reasonable to show the TEM and HR-TEM images at pH=6 in the
Figure 3(e) and Figure 3(f). From Figure 3(e), regular hexagonal cross-section can be
seen that corresponded to individual hexagonal prism lying flat on the bottom face
parallel to the substrate. The HR-TEM image (Figure 3(f)) showed that the
as-obtained crystals were highly crystalline and that the lattice spacing was
determined as ~0.60 nm.

3.2 Luminescence of YPOy - 0.8H,0 Nanocrystals
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Under UV-light irradiation, the YPO, * 0.8H,O nanocrystals exhibited a strong
blue emission. Figure 4 showed the excitation and emission spectra of as-prepared
YPOy4 + 0.8H,0 in the synthesis process. From Figure 4, we can see that the YPOy, *
0.8H,0 with Cit"” sample showed a strong emission consisting of a broad band
(380-500 nm) with a maximum at 400 nm, and the corresponding excitation spectrum
included two broad bands: a weak band from 200 to 240 nm and a strong broad band
from 320 to 400 nm with a maximum at 369 nm. In addition, the control experiment
without Cit™ in the preparation was also performed. The as-obtained YPO, * 0.8H,0
sample in the absence of Cit* showed no luminescence just the dashed line presented
in Figure 4, indicating that the trisodium citrate was the key factor causing the blue
luminescence. Since neither the Y>" nor the PO, group is able to show

. 29, 30
luminescence,

the only difference in the hydrothermal process between the
luminescent samples and non-luminescent samples is that the former has trisodium
citrate as additives while the latter does not, therefore the observed blue luminescence
from YPOj4 + 0.8H,O sample may be related to some impurities and/or defects in the
host lattice. In order to explore the luminescent mechanism, EPR spectroscopy on the
luminescent YPO, *+ 0.8H,O nanocrystals with and without the Cit"™ were performed
(Figure 5). It can be observed that the luminescent YPO4 + 0.8H,O sample (Figure 5a)
showed two obvious EPR signals at g=2.0000 and g=2.0066, but the YPO,4 + 0.8H,0
sample prepared without Cit* exhibited no EPR signal in Figure 5b. This indicated

that the paramagnetic defects relating to the luminescence property existed in the

luminescent YPO, « 0.8H,O nanocrystals, which was in agreement with the similar
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situation reported by Angelov et al.,*' who found that the CO,” radicals exhibiting
three EPR signals in the interstitial sites of the aragonite lattice of SrCO; were most
probably responsible for the self-activated luminescence. In addition, Lin Jun’s group
has reported the luminescence properties of CO," radicals in Cas(PO4);OH and
Srs(PO4);OH host lattice without doping rare earth or transition metal ions as
activators.*** Compared with the present work, EPR signal, the similar PL results,
together with the synthesis process, we can assume that the luminescence for YPO;, *

0.8H,0 nanocrystals might be induced by CO," radicals in the YPO,4 * 0.8H,O host
lattice. The CO,” radicals might be formed from Cit" in the hydrothermal process.
These radicals may become optically active centers of self-activated orthophosphate
luminescence. In the preparation of orthophosphate samples via the hydrothermal
process with Cit*, it is easy to form the metal-citrate complex. Under the high
pressure and thermal process, some of R-C-COO- (Cit") occurs bond cleavages to
form R-C (big group) and CO,", small amounts of CO," radicals resulting from the
bond cleavages are trapped by the already formed orthophosphate lattice or interstitial
positions. The residual fragmented bonds (CO,") are apparently the precursors for
various centers. These defects centers induce an electron being localized in 2p orbital
of the single bonded carbon. This would give rise to photoluminescence through a
strong electron-photon coupling.**?® To further confirm the presence of CO," radical
impurities, the YPO4 * 0.8H,O samples were subjected to FT-IR analysis. The FT-IR
spectra for YPO, + 0.8H,0 with Cit”™ (a) and YPO, * 0.8H,O without Cit™ (b) were

shown in Figure 6. As shown in Figure 6a for the as-prepared YPO, + 0.8H,O sample
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in the presence of Cit", the broadband at 3500cm™ was ascribed to the O—H vibration
of H,O absorbed in the sample. The 1405 and 1618 cm’ peaks were attributed to the
carbon-related impurities from the addition of Cit’ ions. The band centered at 1010
cm™ was ascribed to the asymmetric stretching vibrations of the P-O in PO4> groups.
The two groups of bands in the low wavenumber ranging from 500 to 680 cm™
(centered at 537, 624 cm™) were assigned to the bending vibrations of the O—P-O in
PO4> groups.*™® The FT-IR spectrum (Figure 6b) of YPO, * 0.8H,0 in the absence
of Cit’ in the synthesis process was similar to the spectrum of YPO, * 0.8H,O with
Cit” except that the intensity of the two bands (1405 and 1618 cm™). The two weak
bands can be attributed to tiny amount of CO,~ groups, which might be from the CO,
in aqueous solution or air in the preparation process.***? Through the analysis of the
above experiment results, we can conclude that the radical defects were induced by
Cit” in the hydrothermal process. The EPR and FT-IR results provided abundant
evidence that the carbon-related impurities were induced by Cit” in the hydrothermal
process.
3.3 Photoluminescence Properties of YPOy - 0.8H,0: Tb**/ Eu®" nanocrystals
Eu’" ion is a well-known red-emitting activator in commercial phosphors because
the emission of the rare earth Eu’" ion consists usually of lines in the red spectral area
due to the *Dy—'F; (J=1,2,3,4,5 and 6) transitions. While the Tb*" ion is used as an
activator in green phosphors, whose emission is mainly due to transitions of D3 —
’F} in the blue region and D4 — F; in the green region (J = 6, 5, 4, 3, 2) depending

on its doping concentration. In order to show the tunable luminescence, we can
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co-dope different rare earth ions by variation of their concentration. In our experiment,
we added into Tb*" and Eu®" ions in YPO, + 0.8H,0 nanocrystals.

Figure 7 depicts the excitation and emission spectra of YPOy + 0.8H,0: 0.04Tb*"
nanocrystals in the 200-700 nm range. The excitation spectrum (red line) consists of
several broad bands. For comparison, the overall excitation spectrum is divided into
two parts: one, in the range from 200-290nm, represents the 4f-5d transition of Tb>";
the other, in the range from 290-400nm, represents the 4f-4f transition of Tb>". The
former is assigned to the transitions from the lower energy level of the 4f°
configuration to the energy levels of the 4f’5d configuration of the Tb>", resulting in a
direct excitation into Tb*". For the latter, as expected, this spectral shift is not
observed, since the 4f shell of Tb*" is well-shielded by 5s and 5p shells, resulting in
little effect of crystal field on the energy levels. The characteristic f—f transition lines
within the Tb>" 4f° configuration in the longer wavelength region are assigned as the
transitions from the 'Fg ground state to the different excited states of Tb**, that is, 353
nm ('Fg—'D,), 360 nm ('Fe—’Lyy), 371 nm ('F¢—"Gs), 379 nm ('Fe—’Gy),
respectively.‘“'45 Excitation into the 4f%-4f’5d transition band yields the emission
spectrum (black line) that has similar profiles and exhibits four obvious lines centered
at 492, 545, 586, and 622 nm, originating from the transitions from the D, excited
state to the F; (J=6, 5, 4, 3) ground states of Tb>" ion respectively, with SDy—Fs
transition at 545 nm as the most prominent group.

Generally, the luminescence color of Eu®™ ion depends on the host structure, which

mainly shows the characteristic emissions resulting from the transitions of the 5D0,1,2
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—"Fy(I=1, 2,3, 4). *® As shown in Figure 8, the excitation spectrum monitored with
592 nm consists of two broad excitation bands from 200-340 nm with a maximum at
218 nm, which should be ascribed to the host absorption and the charge transfer
transition between O and Eu’", respectively.*’ In the longer wavelength region
(360-500 nm), Eu** doped phosphors usually have effective and intrinsic absorption
due to the intra-configurational 4f-4f transition of Eu’" at about 395 nm ("Fo—"L)
and 465 nm (7F0—>5D2), which make them match well with the near-UV and blue
GaN-based LED chips as an efficient red light emitting phosphor. The emission
spectrum (Figure 8, black line) is obtained under 395 nm excitation, which describes
by the characteristic emission peaks of the Eu’" ions with the transitions from the
excited “Dy state to 7F] (J=1, 2) levels at about 592 and 614 nm, respectively. The
emission at 592 nm is stronger than that of 614 nm, suggesting a higher occupancy of
Eu’” in the asymmetric environment.
3.4 Photoluminescence Properties of YPO4 ¢ 0.8H,0: Tb3+, Eu’* nanocrystals
Energy transfer plays an important role in improving the emission efficiency for
solid-state luminescent materials. Since the whole rare earth family is isostructural, it
is expected that we can easily tune their emissions by codoping methods. Among the
lanthanide ions, the Eu’" and Tb®" ions are two of the most important luminescent
activators, which are attractive in visible luminescent materials owing to their strong
red and green emissions. So we can make them co-crystallize with tunable optical
activity.** In addition, Eu’" and Tb’" have the same charge and similar ionic radii,

hence Eu’" can dope easily into the Tb* compounds and the corresponding emission
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color tuning is decided according to the concentration of the Eu®" ions through the
energy-transfer process.® Therefore, Tb*" and Eu’" ions co-doped YPO, * 0.8H,0
nanocrystals was also prepared in our work and the emission spectrum of YPOy *

0.8H,0: 0.04Tb*", 0.06Eu’" nanocrystals was shown in Figure 9. Under the excitation
at 380 nm, the red (614 nm, Eu3+), green (545 nm, Tb3+) and blue (494 nm, Tb3+)
emission bands can be excited concurrently besides defects/impurities broad band
luminescence in the host. In addition, it can also be seen in Figure 10 that there is
overlapping between the emission spectrum of Tb>" and the excitation spectrum of
Eu’”. Therefore, we can speculate that there exists energy transfer among Tb*" and

Eu’ ions in the YPO4 + 0.8H,0 nanocrystals.” ™

Besides, when exciting with 486
nm laser light corresponding to Tb®": "Fs— Dy transition (Figure 11), it can be
observed that the emission spectrum (red line) simultaneously contains the 596nm
(5D0—>7F1) and 618nm (5D0—>7F2) of Eu’" and the 549nm (5D4—>7F5) transition of Tb>"
in YPOy4 ¢ 0.8H,0: 0.04Tb3+, 0.04Eu>" nanocrystals, and the emission intensity of
Tb* *Dy—F5 transition obviously decreases compared with that of Tb* SDy—Fs
transition in single 0.04Tb’"-doped YPO, * 0.8H,0 and YPO, * 0.8H,0: 0.04Tb*",
0.02Eu’" samples. Besides, the emission intensity of Eu*’ 5D0—>7F2 and 5D0—>7F4
transitions in YPO, * 0.8H,0: 0.04Tb3+, 0.04Bu*" obviously increases compared with
that of in YPO4 * 0.8H,O: 0.04Tb3+, 0.02Eu>" samples. All of the spectral results
illustrate that Tb>" ions may act as an energy donor in the YPO, + 0.8H,O host, in

which excitation energy could be transferred to an acceptor Eu’".

3.5 Energy Transfer and Luminescence Mechanism in YPO, * 0.8H,0: Tb3+,
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Eu* Nanocrystals

Furthermore, to explore the possibility of the energy transfer and realize the
multicolor tunable luminescence, Figure 12 shows the variation of PL spectra and
emission intensity of YPO,4  0.8H,O: 0.04Tb3+, xEu®* nanocrystals with the increase
of Eu’"-doping concentrations from 0 to 0.18, respectively. The sample (x=0) exhibits
the typical emission of Tb’" and is characterized by strong bands at ~545 nm
(5D4—>7F3 transition, green emission) and ~491 nm (5D4—>7F4 transition, blue
emission). Although the concentration of Tb®" was fixed, the emission intensity of
Tb*" decreased with increasing Eu’" concentration. While the emission intensity of
Eu’" firstly increases with the increasing of its concentration (x), reaching a maximum
value at x=0.06, then decreases with further increasing (x) due to the concentration
quenching effect. In many cases, concentration quenching is due to energy transfer
from one activator to another until an energy sink in the lattice is reached. In the
energy migration process the excitation energy will be lost at a killer or quenching site,
resulting in the decrease of luminescence intensity. Moreover, as the ion radius of
Eu’" and Y*" are different, the crystal structure distortion becomes more serious with
an increase in the Eu’" doping concentration, which would quench the luminescence.
However, the luminescence intensity of the Eu’” ions is not as expected, we speculate
that there may be energy transfer between the host and the Eu’* ions. After that, we
made a series of experiments about doping the different rare earth ions, the spectral
results are shown in Figure S1, which reveal that the change of the luminescent

intensity could be related to the type of the rare earth ions. When La’" ions without
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luminescence are doped in YPO4 °+ 0.8H,O nanocrystals, the intensity of
defects/impurities broad band luminescence in the host will be more stronger. When
Tb>" ions are doped in YPO; < 0.8H,O nanocrystals, the intensity of
defects/impurities broad band luminescence remains unchanged. However, the defects
luminescence becomes weaker when Eu®" ions are doped. Therefore, it is possible that
there exists energy transfer between the defects in the host and the Eu®* ions. Further
experiments are under way.

In order to further validate the energy transfer from Tb>" to Eu’", we investigated
the decay curve of Tb>". As described by Blasse,™ the decay behavior of Tb>" can be
expressed as

I=Iyexp(-t/7) (1)
where 1 and I, are the luminescence intensities at time t and 0, and t is the
luminescence lifetime. Figure 13 shows the decay curves of Tb*" emission in YPO, *
0.8H,0: 0.04Tb>", xEuw’* (x=0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18)
samples. For the YPO, + 0.8H,0 : 0.04 Tb’", xEu’" samples, the lifetime of Tb>"
decreases with increasing Eu’" concentrations, which are 2.89ms, 1.94ms, 1.55 ms,
1.12ms, 0.854ms, 0.594ms, 0.355ms, 0.261ms, 0.256ms, 0.165ms, respectively. The

. . . 3+ . . . 3+ .
luminescence lifetime of Tb” decreases with increasing Eu’" concentration as

1.56 1‘57

reported by Zhang et al.,” Nazarov et al.’® and Mueller et al.”’ The lifetimes
diminished obviously further confirmed that there was energy transfer between Tb**
and Eu’". In addition, the energy transfer efficiency from Tb*" to Eu’* was also

investigated. Generally, the energy transfer efficiency from a sensitizer to activator
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can be expressed as the following equation®®®

Ts
Ny =1=-—
! Tso )

because the energy absorbed by Tb*" transferred to Eu’*, which is strong evidence for
the energy transfer from Tb>" to Eu’", where 57 is the energy transfer efficiency and
Tso and T, are the lifetimes of a sensitizer in the absence and presence of an activator,
respectively. ® In the YPO, * 0.8H,0: 0.04Tb*", xEu’" systems, Tb>" is the sensitizer
and Eu’" is the activator. According to the above equation, the maximum energy
transfer efficiency is 94.31% for x=0.18 shown in Figure 14. These high efficiencies
of energy transfer primarily originate from the significant spectral overlap between
Tb®" emission bands and Eu®* absorption bands, and the energy transfer may occur
casily. It depends on the average distance (R) between the Tb®" donor and Eu’
acceptor ions. Exchange interaction generally requires an overlap of the donor and
acceptor orbitals and an R value of less than 0.3-0.4 nm; otherwise, the electric

multipole interaction may dominate.*

In order to examine the nature of energy transfer, the Van Uitert's formula®®*

log(lol_lleogﬁ+(§jlog(%J 3)

where [yand I are the intensity of the donor fluorescence in the absence and presence

can be expressed by:

of the acceptor respectively, B is a parameter representing the strength of the
multipolar interaction and 0 is the separation exponent corresponding to the
interaction, C, is the concentration of the acceptor (Eu3+) and C, is the concentration

of the acceptor (Eu’") at which the emission intensity of donor (Tb™) is quenched to
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50% of its original value. 0 takes values of 6, 8 or 10 for dipole-dipole,
dipole-quadrupole or quadrupole-quadrupole interactions, respectively. We have
estimated Cy to be 4.3 at.% and the corresponding plot is shown in Figure 15, in
which slope (6/3) is estimated to be 1.997 suggesting that the energy transfer
mechanism from the Tb** to Eu®" ions is an electric dipole-dipole interaction.

Due to energy transfer from Tb*" to Eu’" ions, the relative intensity of red-light
emission of Eu®" gradually increases corresponding to the decrease of green-emission
of Tb>*. The undoped YPO, * 0.8H,O nanocrystals show a strong self-activated blue
emission centered at 400 nm, which implies the emission color can be effectively
tuned by controlling the Eu concentration. As displayed in Figure 16, points a (0.236,
0.411), b (0.234, 0.324), ¢ (0.241, 0.252) and d (0.269, 0.278) denote the change trend
in the chromatic coordination for different concentrations of Eu®" ions, which can be
effectively tuned to white light by changing the Eu®" concentrations. The emission of
YPO, * 0.8H,0: 0.04Tb3+, xEu®* nanocrystals upon excitation at 380nm covers the
visible-light range with a balance of red (592 nm), green (543 nm) and blue (400 nm)
resulting in a white-light emission. This merit of tunable white-light emission makes
the materials have potential applications in the fields of labeling, sensing, biomedicine,
and color display. Moreover, the novel strategy of combination of self-activated and
rare earth ions emissions might serve as guidance for the design and fabrication other
microscaled inorganic materials with white light emission and tunable luminescent
properties.

4. Conclusions
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In conclusion, via a simple hydrothermal route, we demonstrated a controlled
synthesis of orthophosphate nanocrystals using Cit* as a “shape modifier”. The pH
value plays a crucial role in obtaining YPO4 * 0.8H,O samples with various
morphologies and a crystallization pH value of 6 was optimal. Meanwhile, a strong
blue emission peaking at about 400 nm in YPO, * 0.8H,O nanocrystals was observed
at room temperature due to the employment of Cit". The CO,” radicals in the
interstitials of the orthophosphate lattice might be responsible for the self-activated
luminescence. Through the analysis of spectra of the YPO,4 + 0.8H,0: Tb**, Eu’",
there existed effective energy transfer between Tb>" and Eu’". Then, by controlling
the doping concentration of Eu®", the luminescent color could be modified from green,
blue, white easily due to different composition of emissions of Eu’" resulted from
different energy efficiency at different doping concentrations. Moreover, the energy
transfer mechanism was proven to be dipole-dipole interaction. It can be concluded
that Cit* as a template plays an indispensable role in limiting the agglomeration of
particles, controlling the size of crystal particles and strong blue luminescent of the
samples. The suitable excitation wavelength, regular shape and strong luminescence
will make YPO, + 0.8H,0: Tb>", Eu’" samples become superior candidates in UV
LEDs.
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Figure Captions

Figure 1: XRD powder patterns of YPO, ¢ 0.8H,O nanocrystals prepared by
hydrothermal method at 180°C for 24h at (a) pH = 6; (b) pH = 7; (¢) pH = 8; (d) pH =
9 (¢) pH =10; (f) pH = 11; (g) pH = 12.

Figure 2: XRD powder patterns of the YPO, + 0.8H,O with different rare earth ions.
(a) YPO, * 0.8H,0; (b) YPO, * 0.8H,0: Tb*" ; (¢) YPO, * 0.8H,0: Eu’*; (d) YPO, *
0.8H,0: Eu’”, Tb*". These samples were prepared under the similar conditions. The
standard data for YPO4 * 0.8H,O (JCPDS card no. 42-0082) was shown as reference.
Figure 3: The FE-SEM (a, b) pH=6; (c, d) pH=11, TEM (e, PH=6) and HR-TEM ({,
PH=6) images of YPO4 * 0.8H,O samples.

Figure 4: The excitation and emission spectra of YPO4 * 0.8H,O nanocrystals
prepared in the presence of trisodium citrate (dashed line is the emission spectrum of
YPO, + 0.8H,0 nanocrystals prepared without trisodium citrate).

Figure 5: EPR spectra for (a) the luminescent YPO, * 0.8H,O nanocrystals prepared
with trisodium citrate and (b) the YPO, + 0.8H,O nanocrystals obtained without
trisodium citrate in the preparation process.

Figure 6: FT-IR spectra for YPO, « 0.8H,O prepared with trisodium citrate (a), YPO4

* 0.8H,0 in the absence of trisodium citrate (b), respectively.

Figure 7: The excitation (Aen = 545nm) and emission (A = 218nm) spectra of the

YPO, *+ 0.8H,0: 0.04Tb>" nanocrystals at room temperature.

Figure 8: The excitation (Aem = 592nm) and emission (Aex = 395nm) spectra of the

YPO, + 0.8H,0: 0.04Eu** nanocrystals at room temperature.
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Figure 9: The emission (Ax=380nm) spectrum of the Y¢0,PO4 + 0.8H,0:  0.04Tb>",

0.06Eu’" nanocrystals at room temperature.

Figure 10: The emission spectrum of the Y.9sPO4 * 0.8H,0: 0.04Tb>" (the black line,

Aex=218nm) and the excitation spectrum of Y9sPO4 * 0.8H,0: 0.04Eu*" (the red line,

Aem=592nm).

Figure 11: Emission spectra of the Yo,0sPO4 * 0.8H,0:0.04Tb*" (black line), Y.04PO;4
- 0.8H,0:0.04Tb*", 0.02Eu®" (red line) and Y(.,PO4 * 0.8H,0:0.04Tb**, 0.04Eu>*

(blue line) nanocrystals under the excitation at 486nm laser light.

Figure 12: The emission spectra of the Y(96xPO4 * 0.8H,O: 0.04Tb3+, xEu®*

(Aex=380nm) nanocrystals with different Eu’* concentrations.

Figure 13: Decay curve of Tb’" emission transitions in the Y 0.06.PO4 * 0.8H,0:

0.04Tb3+, xEu®* samples (x=0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14) under the

excitation at 486nm laser light.

Figure 14: The energy transfer efficiency Tb>" to Eu®" in Yo096xPO0s4 * 0.8H,0:

0.04Tb*", xEu’" samples (x=0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18) under

the excitation at 486nm laser light.

Figure 15: Plot of intensity variation of Tb>* fluorescence, with Eu®" concentration in

relation to Van Uitert’s formula.

Figure 16: CIE chromaticity diagram of the samples Y.96.xPO4 * 0.8H,O: 0.04Tb’ ’

xEu®" for different concentrations of Eu®* doping: (a) x=0; (b) x=0.02; (¢) x=0.12 and

(d) x=0.18 under the excitation at 380nm.

Figure S1: The emission spectra of the YPO, + 0.8H,0 (black line), YPO, * 0.8H,0:

Page 28 of 46



Page 29 of 46 Journal of Materials Chemistry C

0.04Eu®" (red line), YPO, - 0.8H,0:0.04La*" (blue line) and YPO, * 0.8H,O:

0.04Tb*" (magenta line) under the excitation at 380nm.
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Figure 1: XRD powder patterns of YPO, ¢ 0.8H,O nanocrystals prepared by
hydrothermal method at 180°C for 24h at (a) pH = 6; (b) pH =7; (¢) pH=8; (d) pH =

9 (¢) pH = 10; (f) pH = 11; (g) pH = 12.
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Figure 2: XRD powder patterns of the YPO, + 0.8H,O with different rare earth ions.
(a) YPO, * 0.8H,0; (b) YPO, + 0.8H,0: Tb*" ; (¢) YPO, * 0.8H,0: Eu’*; (d) YPO, *
0.8H,0: Eu’", Tb*". These samples were prepared under the similar conditions. The

standard data for YPO4 * 0.8H,O (JCPDS card no. 42-0082) was shown as reference.
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0.06nm

Figure 3: The FE-SEM (a, b) pH=6; (c, d) pH=11, TEM (e, PH=6) and HR-TEM ({,

PH=6) images of YPO, * 0.8H,0 samples.
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Figure 4: The excitation and emission spectra of YPO4 * 0.8H,O nanocrystals

prepared in the presence of trisodium citrate (dashed line is the emission spectrum of

YPO, + 0.8H,0 nanocrystals prepared without trisodium citrate).
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Figure 5: EPR spectra for (a) the luminescent YPO4 + 0.8H,O nanocrystals prepared
with trisodium citrate and (b) the YPO, * 0.8H,O nanocrystals obtained without

trisodium citrate in the preparation process.



Page 35 of 46 Journal of Materials Chemistry C

Transmittance(%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure 6: FT-IR spectra for YPO, * 0.8H,O prepared with trisodium citrate (a), YPO,

* 0.8H,0 in the absence of trisodium citrate (b), respectively.
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Figure 7: The excitation (Aem = 545nm) and emission (Aex = 218nm) spectra of the

YPO, + 0.8H,0: 0.04Tb*" nanocrystals at room temperature.
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Figure 8: The excitation (Aem = 592nm) and emission (Aex = 395nm) spectra of the

YPO, + 0.8H,0: 0.04Eu** nanocrystals at room temperature.
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Figure 9: The emission (Ax=380nm) spectrum of the Y¢0,PO4 + 0.8H,0:  0.04Tb>",

0.06Eu’" nanocrystals at room temperature.
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Figure 10: The emission spectrum of the Y,0sPO4 * 0.8H,0: 0.04Tb*" (the black line,

Lex=218nm) and the excitation spectrum of Y.0sPOy4 * 0.8H,0: 0.04Eu’" (the red line,

Aem=592nm).
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Figure 11: Emission spectra of the Y.0sPOy4 * 0.8H,0:0.04Tb>" (black line), Y0.04PO;4

- 0.8H,0:0.04Tb*", 0.02Eu®" (red line) and Yo.0,PO4 * 0.8H,0:0.04Tb**, 0.04Eu>*

(blue line) nanocrystals under the excitation at 486nm laser light.
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Figure 12: The emission spectra of the YoosxPOs * 0.8H,0: 0.04Tb’", xEu’"

(Aex=380nm) nanocrystals with different Eu** concentrations.
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Figure 13: Decay curve of Tb’" emission transitions in the Y 0.06.PO4 * 0.8H,0:

0.04Tb*", xEu®* samples (x=0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14) under the

excitation at 486nm laser light.
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Figure 14: The energy transfer efficiency Tb>" to Eu’™ in Y6xPO4 * 0.8H,0:

0.04Tb*", xEu®* samples (x=0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18) under

the excitation at 486nm laser light.
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Figure 15: Plot of intensity variation of Tb*" fluorescence, with Eu®* concentration in

relation to Van Uitert’s formula.
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Figure 16: CIE chromaticity diagram of the samples Y.96.xPO4 * 0.8H,O: 0.04Tb’ ’
xEu®" for different concentrations of Eu’” doping: (a) x=0; (b) x=0.02; (c) x=0.12 and

(d) x=0.18 under the excitation at 380nm.
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The emission spectra of Y5POy4 ¢ 0.8H,0: 0.04Tb3+, xEu®* (x=0~0.18) nanocrystals could

result in tunable emission with self-activated luminescence and rare earth-doping emission.



