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Y3Al;04,:Ce nanoparticles made by ionic-liquid-
assisted particle formation and LiCl-matrix-treated
crystallization
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Y3Als012:Ce® (YAG:Ce) nanoparticles were prepared by a two-step approach including ionic-liquid-
assisted particle formation and LiCl-matrix-treated crystallization. Subsequent to particle formation in
[MeBusNI][N(SO,CFz),] as the liquid (MeBusN: tributylmethylammonium;  N(SO,CF3),:
bis(trifluoromethanesulfonyllimide), the as-obtained amorphous precursor nanoparticles were
crystallized in a LiCl matrix (600 °C, 1 h). The resulting YAG:Ce nanoparticles are well crystallized and

jonic

exhibit a diameter of about 40 nm. They show bulk-like luminescence and a quantum yield of 51(+3)%.
The selected Y : Al ratio and temperature profile turned out to be optimal for the synthesis strategy in
terms of particle size and luminescence properties although minor amounts of CeO, remained. The
YAG:Ce nanoparticles can be easily redispersed in the liquid phase and embedded in polymers such as
polyester. The course of the reaction and the properties of the nanoparticles are characterized by
electron microscopy, dynamic light scattering, infrared spectroscopy, X-ray powder diffraction, and

rsc.li/rsc-advances fluorescence spectroscopy.

Introduction

Cerium-doped yttrium aluminium garnet (Y;Al;0;,:Ce®",
YAG:Ce) is one of the most efficient luminescent materials and
is applied, for instance, in phosphor-converted white-light
emitting diodes (pc-WLEDs).* Herein, YAG:Ce converts part of
the blue light emitted by the (Ga,In)N-semiconductor chip into
yellow emission, which - upon additive colour mixing - results
in white light emission. Among a great number of known
luminescent materials, YAG:Ce still represents one of the most
efficient inorganic materials with a quantum yield of 80-90%.>
Besides efficient luminescence processes, the excellent perfor-
mance of bulk-YAG:Ce originates from the high lattice energy,
the isotropy of cubic lattice, a low defect concentration and low-
energy lattice vibrations, which, together, result in minimal
non-emissive loss processes.'

The formation of YAG:Ce nanoparticles - in contrast to the
bulk-phase - is a challenge. On the one hand, crystallization
and removal of water and hydroxides at low temperatures
(<500 °C) are difficult and often lead to highly defective
YAG:Ce with quantum yields =< 20%. Post-sintering of the as-
prepared YAG:Ce nanoparticles, on the other hand, foils the
efforts of low-temperature particle formation and causes
uncontrolled particle growth and agglomeration. Dispers-
ible, nanosized (=100 nm) and efficient YAG:Ce
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nanoparticles, however, are prerequisite to facile liquid-
phase deposition, printing of thin films, or an incorpora-
tion into polymers.*

Nano- and micron-sized YAG:Ce was typically prepared at
high temperature (800-1500 °C) via solid-state synthesis
including molten-salts, Pechini-type, flame-, plasma- or
microwave-driven combustions,’ spray pyrolysis or sintering in
silica matrices.® Liquid-phase approaches comprise sol-gel,’
polyol,® emulsion synthesis,® or co-precipitation processes.*
The as-prepared, defective nanoparticles most often require
post-synthesis calcination (1000-1200 °C) to adjust efficient
luminescence processes. The highest quantum yields of
dispersible YAG:Ce nanoparticles (J = 100 nm) were yet re-
ported with 50-60%.°°%'* These nanoparticles were either ob-
tained by high-temperature sintering (=1000 °C),** calcination
in difficult-to-remove SiO, matrices,® or by solvothermal
synthesis at elevated pressure (70 bar),"* which typically results
in significant agglomeration and comparably broad size
distributions.

Aiming at crystalline and dispersible YAG:Ce nanoparticles,
we here suggest a novel two-step approach (Fig. 1). In a first
step, amorphous precursor nanoparticles were obtained with
optimal conditions of particle formation in ionic liquids (ILs).
As a second step, the as-prepared, amorphous precursor nano-
particles were crystallized in a LiCl matrix at 600 °C. The
resulting crystalline YAG:Ce nanoparticles were examined in
detail in regard of particle size, dispersibility, chemical
composition and luminescence properties.
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Fig. 1 Scheme illustrating the two-step synthesis of dispersible
YAG:Ce nanoparticles, including IL-assisted particle formation and
LiCl-matrix-treated crystallization.

Experimental

Synthesis

Starting materials. YCl;-6H,0 (Alfa Aesar, 99.9%), AlCl;- 9H,O
(Riedel de Haen, 99.9%), CeCl;- 7H,,O (Aldrich, 99.9%), (NH,),CO3
(VWR, 99.9%), and LiCl (VWR, 99.5%) were used as supplied. The
synthesis of the ionic liquid [MeBu;N][N(SO,CF;),] was performed
based on a metathesis reaction with tributylmethylammonium
chloride ([N(CH;)(C4Ho)3]Cl) and lithium bis(trifluoromethane
sulfonyl)imide (Li[N(SO,CF;),]) following a procedure given
elsewhere."

Ionic-liquid (IL) assisted particle formation. In a first step,
the formation of precursor nanoparticles was performed in
ionic liquids. To this concern, 432 mg (4.5 mmol) of (NH,),CO3
were dissolved in 50 mL of water. Thereafter, 455 mg (1.5 mmol)
of YCl;-6H,0, 603 mg (2.5 mmol) of AICl;-9H,0 and 39 mg
(0.105 mmol) of CeCls-7H,0 were dissolved in 5 mL of water
and injected to the (NH,),COj3 solution with vigorous stirring,
which instantaneously results in the nucleation of colourless
precipitate. Few drops of diluted, aqueous NH; were added to
adjust a pH > 8. After 15 min, the obtained solid was centrifuged
and washed with water. Thereafter, the colorless was dispersed
in 20 mL of [MeBu;N|[N(SO,CF;),] as the IL. The resulting
suspension was heated in a microwave oven (MLS rotaprep) to
200 °C within 60 seconds and kept at this temperature for 60
minutes. After cooling, the resulting precursor nanoparticles
were diluted and washed with ethanol.

LiCl-matrix treatment. In a second step, the collected
precursor nanoparticles were dried in air in a drying oven (60
°C). For crystallization, the precursor nanoparticles were
ground with 10-fold excess of solid LiCl and sintered thereafter
for 1 h at 600 °C in a tube oven. Finally, LiCl was removed by
dispersion/centrifugation of the YAG:Ce nanoparticles in water,
which was performed twice.

YAG:Ce in polyester. To embed YAG:Ce in polyester, in a first
step, 25 mg of LiCl-matrix-treated nanoparticles were resuspended
in 10 mL of ethylene glycol. Thereafter, 4.5 g of citric acid were
added to the suspension and dissolved with vigorous stirring.
Finally, the dispersion was heated to 150 °C and kept at this
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temperature for 5 minutes to initiate and complete the polymeri-
zation. After natural cooling to room temperature, a soft, slightly
yellowish and water-insoluble polyester resin was produced.

Analytical methods

Scanning electron microscopy (SEM). SEM was conducted on
a Zeiss Supra 40 VP, using an acceleration voltage of 4 kv and
a working distance of 4 mm. SEM samples were prepared by
evaporation of ethanolic suspensions of the respective nano-
particles. The mean particle diameter was calculated by statis-
tical evaluation of at least 500 particles.

X-ray powder diffraction (XRD). XRD was performed with
a Stoe STADI-MP diffractometer operating with Ge-
monochromatized Cu-Ko-radiation (A = 1.54178 A) and
Debye-Scherrer geometry. The nanoparticle samples were fixed
between Scotch tape and acetate paper and measured between
—69° and +69° of two-theta.

Dynamic light scattering (DLS). DLS was used to determine
the hydrodynamic diameter of the nanoparticles in suspension.
Studies were conducted at room temperature in glass or poly-
styrene cuvettes applying a Nanosizer ZS (Malvern Instruments,
United Kingdom).

Fourier-transformed infrared spectroscopy (FT-IR). FT-IR
was performed on a Bruker Vertex 70. Samples were prepared
by pestling of 1 mg of the respective nanoparticles with 300 mg
of dried KBr in a glove box.

Photoluminescence spectroscopy (PL). PL was conducted
with a Horiba Jobin Yvon Spex Fluorolog 3 (Horiba Jobin Yvon,
France) equipped with a 450 W Xe-lamp and double grating
excitation and emission monochromator. The determination of
the quantum yield was performed as reported by Friend.*® First
of all; the diffuse reflection of the nanoparticulate powder
sample was determined under excitation conditions (maximum
of absorption at A.. = 554 nm). Thereafter, the emission was
measured at this excitation wavelength. Integration over the
reflected and emitted photons by use of the Ulbricht sphere
results in the absolute quantum yield. All measurements were
referenced to an empty sample holder. Corrections were made
regarding the spectral power of the excitation source, the
reflection behavior of the Ulbricht sphere, and sensitivity of the
detector. To this concern, the FluorEssence Software Version
3.5.8.63 from Horiba Yvon Jobin GmbH was used.

Results and discussion
Ionic-liquid assisted particle formation

The here proposed two-step approach intends to separate
particle formation and crystallization in order to optimize
both independently (Fig. 1). Controlling particle size and
particle agglomeration is of course essential in both steps of
the reaction. In this regard, Y(NOj;);-6H,0, Al(NO3);-9H,0,
Ce(NO;);-6H,0 and (NH,),CO; were used as the starting
materials and mixed in water to obtain a colourless, fluffy
carbonate precursor. Fourier-transform infrared spectroscopy
(FT-IR), as expected, indicates the characteristic carbonate-
related vibrations (»(C=O0): 1600-1400, »(C-O): 1100-

This journal is © The Royal Society of Chemistry 2019
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1000 cm ™, Fig. 2). Due to the aqueous treatment, moreover,
a broad vibration related to water is visible (¥(O-H): 3700-
3000). Energy-dispersive X-ray (EDX) analysis, finally, already
indicates a Ce : Y : Al ratio of 0.04 : 0.75 : 1 with excessive Y in
relation to the intended ratio in Y;Al;04,:Ce (5 mol%) of
0.03 : 0.57 : 1, which was naturally also the ratio introduced
with the starting materials.

The amorphous and colourless carbonate precursor, there-
after, was dispersed in [MeBuzN]|[N(SO,CF3),] as the IL and
rapidly heated in a microwave oven to 200 °C (Fig. 1). After
ethanol-driven removal of the IL, FT-IR still shows the presence
of the carbonate precursor (»(C=0): 1600-1400, »(C-O): 1200-
1000 cm™ ') and water (¥(O-H): 3700-3000) in addition to
surface-adhered IL (fingerprint: 1400-1100, Fig. 2). The latter
finding is validated when comparing to the FT-IR spectra of the
pure IL. Moreover, it is to be noted that the carbonate precursor
is still amorphous and colourless subsequent to the IL treat-
ment and does not show any specific Bragg peak (Fig. 3a and b).
EDX analysis confirms the Y-rich composition and a Ce : Y : Al
ratio of 0.04 : 0.75 : 1 as already determined for the carbonate
precursor (0.04 : 0.71 : 1).

The IL treatment results in a compaction of the fluffy
carbonate precursor and the formation of well-defined nano-
particles. Such IL-assisted treatment was already reported as
promising for particle compaction and particle shaping,** which
can be related to the high boiling point and the weakly coordi-
nating properties of ILs." In this regard, scanning electron
microscopy (SEM) shows uniform, non-agglomerated nano-
particles with a mean diameter of 33 + 6 nm (Fig. 5a). This
diameter matches well with dynamic light scattering (DLS) indi-
cating a mean hydrodynamic diameter of 39 + 7 nm in dieth-
ylene glycol (DEG) (Fig. 5a). DEG was selected as dispersant due
to its stabilizing properties in order to avoid agglomeration
during the redispersion process.'® Moreover, such dispersions in
polyols are relevant as they offer the opportunity of direct poly-
merization and nanoparticle incorporation in polyesters.”

LiCl-matrix-treated crystallization

Subsequent to the IL-assisted particle formation, the carbonate
precursor nanoparticles were mixed and pesteled with LiCl in
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Fig. 2 Course of the reaction analysed by FT-IR spectroscopy with
spectra of the carbonate precursor nanoparticles, IL-treated precursor
nanoparticles, and LiCl-matrix-treated YAG:Ce nanoparticles.
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Fig. 3 Course of the reaction analysed by X-ray powder diffraction
with (a) XRD patterns of carbonate precursor nanoparticles, IL-treated
precursor nanoparticles, LiCl-matrix-treated YAG:Ce nanoparticles
(references: YzAlsO1, — ICDD no. 088-2048/black line pattern; CeO,
— ICDD no. 081-0792/grey line pattern); (b and c) photos of IL-treated
and LiCl-matrix treated powder samples in daylight.

a ratio of 1:10. As a result, the nanoparticles were separated
from each other and embedded in a LiCl matrix (Fig. 1). This
solid mixture was then heated to 600 °C in a tube oven for 60
minutes in order to decompose the carbonate precursor and to
crystallize the YAG phase. Moreover, the separation of the
nanoparticles in the LiCl matrix allows avoiding particle growth
and particle agglomeration. Subsequent to this LiCl-matrix
treatment, LiCl was removed by simple rinsing with deminer-
alized water which was performed twice. After each washing
step, the nanoparticles were collected by centrifugation. The
characteristic intense yellow colour of obtained powder samples
already indicates successful crystallization of YAG:Ce (Fig. 3c).

This LiCl-matrix treatment indeed results in an effective
decarboxylation of the precursor nanoparticles as indicated by
significantly reduced intensities of the »(C=0), and »(C-O)
vibrations (Fig. 2). In fact, only lattice vibrations (v(Al-O): 900-
500 cm ') and vibrations of surface-adhered water stemming
from the washing procedure remain (v(O-H): 3700-3100 cm ™ ';
6(0-H): 1620, 1450 cm ™).

In contrast to the amorphous carbonate precursor obtained
after IL-treatment, the LiCl-matrix-treated nanoparticles turned
out as highly crystalline (Fig. 3a). Thus, the observed Bragg
peaks are well in accordance with the garnet phase. Just a weak
Bragg peak at 28.5° of 2-theta points to the presence of CeO,
(Fig. 4). Here, it must be noticed that all efforts to adjust the
ratio of the starting materials either resulted in low amounts of
either CeO, (Y: Al = 0.6:1) or YAIO;:Ce (Y: Al > 0.6:1) as
a side phase. Most interestingly, no Bragg peaks of LiCl were
observed, indicating that the washing procedure guarantees
complete removal of all LiCl (Fig. 3a and 4). Even flame col-
ouring with the as-obtained YAG:Ce nanoparticles did not result
in any characteristic red and orange emission lines of lithium.*®
Finally, a slight shift to smaller two-theta values in comparison
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Fig. 4 Enlarged view of the XRD pattern to indicate minor amount of
CeO; (references: YzAlsO45 — ICDD no. 088-2048 (black line pattern);
CeO, — ICDD no. 081-0792 (grey line pattern)).

to bulk-YAG points to the incorporation of the larger Ce** (103
pm) on lattice sites of Y** (89 pm), resulting in increased lattice
distance (Fig. 4).

The particle size of the LiCl-matrix-treated YAG:Ce nano-
particles was again verified by SEM (Fig. 5b). Accordingly,
a mean diameter of 41 + 9 nm was observed, which is only
slightly larger as compared to the IL-treated carbonate
precursor nanoparticles (33 = 6 nm). Although crystallized at
600 °C in the LiCl-matrix, the YAG:Ce nanoparticles are still
spherical and non-agglomerated, which indicates the feasibility
of the LiCl-matrix sintering. After redispersion in DEG, the
YAG:Ce nanoparticles exhibit a larger hydrodynamic diameter
of 93 £+ 15 nm (Fig. 5b) as compared to the IL-treated precursor
nanoparticles (39 + 7 nm), which points to at least some
agglomeration. Nevertheless, the YAG:Ce nanoparticles turned
out as redispersible and still have a mean diameter < 100 nm.

In addition to the particle size, the mean crystallite diameter
was deduced from the width of the Bragg peaks via the Scherer
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Fig. 5 Size and size distribution of (a) the carbonate precursor
nanoparticles after IL-treatment (200 °C, 1 h), (b) YAG:Ce nano-
particles after LiCl-matrix treatment (600 °C, 1 h) with: size distribution
according to SEM (statistical evaluation of >100 nanoparticles), size
distribution according to DLS (suspensions in DEG), and SEM images.
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formalism and resulted in 25-30 nm. Within the significance of
the measurement, this value is in agreement with the diameter
stemming from SEM and points to the single-crystalline nature
of the YAG:Ce nanoparticles. Finally, EDX analysis confirms
a Ce:Y:Al ratio of 0.04:0.75: 1 with certain excess of Y in
relation to the intended ratio in Y;Al;04,:Ce (5 mol%) with
0.03 : 0.57 : 1. Whereas this ratio is constant for the whole
sequence of synthesis, it is different from the ratio introduced
with the starting materials ((Y + Ce) : Al = 0.6 : 1). The lack of
AI’" can be ascribed to its small size and its higher solubility in
the liquid phase as compared to Y**. Any decrease of the Y**
content (i.e., a ratio Y:Al < 0.6:1), however, resulted in
significant amounts of CeO, as a side phase. Such behaviour is
often observed for low-temperature synthesis, where the effect
of the different radii of the cations is more significant than for
conventional solid-state synthesis at high temperatures (800-
1500 °C).*** Taken together, the here applied Y : Al ratio and
temperature treatment turned out as optimum for the pre-
sented synthesis strategy in terms of particle size and lumi-
nescence properties.

Luminescence characterization

The luminescence properties of the LiCl-matrix-treated YAG:Ce
nanoparticles were finally examined by fluorescence spectros-
copy. Excitation spectra show weak absorption due to 4f — 5d
transition on Ce®" (330-360 nm, maximum at 342 nm) and
strong absorption at 410-520 nm, peaking at 454 nm, related to
0>~ — Ce*' charge-transfer transition (Fig. 6a). Emission
spectra indicate intense yellow light emission by 5d — 4f
transition on Ce** at 500-680 nm with its maximum at 567 nm
(Fig. 6b)."* With these features, excitation and emission of the
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Fig. 6 Excitation (a) and emission (b) spectra of the as-prepared
YAG:Ce nanoparticles with powder samples after LiCl-matrix treat-
ment in daylight (c) and with white-light emission under 465 nm
excitation of a blue-light LED (d).
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Fig. 7 YAG:Ce nanoparticles after embedding in polyester (2 mg
YAG:Ce per 1 g of polyester) in daylight and with 366 nm excitation (Hg
discharge lamp) or 405 nm excitation (UV-LED). Pure polyester
(without nanoparticles) shown as reference.

LiCl-matrix crystallized YAG:Ce nanoparticles are similar to
bulk-YAG:Ce."* Upon excitation with a blue-light LED lamp, the
bright yellow YAG:Ce powder (Fig. 6¢) shows intense white light
generation due to additive colour mixing of yellow emission of
YAG:Ce and reflected blue light of the LED lamp (Fig. 6d).
Furthermore, the absolute quantum yield of LiCl-matrix-treated
YAG:Ce powder samples was determined following the proce-
dure described by Friend™ and results in a value of 51(£3)%
upon excitation at 454 nm. This value is among the highest
quantum yields reported in the literature for YAG:Ce nano-
particles by now.*°%!

After the examination of the luminescence properties of
YAG:Ce powder samples, embedding the nanoparticles in
polymers was tested as a proof-of-the-concept. In this regard,
the LiCl-matrix-treated YAG:Ce nanoparticles were again
dispersed in a polyol(ethylene glycol). Thereafter, citric acid was
added to the suspension, and the polymerization was initiated
by heating to 150 °C instantaneously in the liquid phase. The
resulting polyester phase contains the YAG:Ce nanoparticles
with only 2 mg g%, resulting in a highly transparent, slightly
yellowish polymer (Fig. 7). Upon excitation with a mercury
discharge lamp at 366 nm or a UV-LED lamp at 405 nm, the
YAG:Ce-containing polyester again shows intense white light
generation due to additive colour mixing of yellow emission of
YAG:Ce and reflected blue light of the respective light source
(Fig. 7). The pure polyester without any nanoparticles as
a reference, in contrast, did not show any emission at all (Fig. 7).
In sum, the as-prepared YAG:Ce nanoparticles can be used to
obtain luminescent and transparent polymers.

Conclusions

In summary, Y;Al;0,,:Ce®™ (YAG:Ce) nanoparticles with
a diameter of 30-50 nm were prepared by a two-step approach.
This includes microwave-assisted compaction of a pre-formed
carbonate precursor in ionic liquids (at 200 °C), followed by

This journal is © The Royal Society of Chemistry 2019
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LiCl-matrix-treated crystallization (at 600 °C). Mixing of the IL-
treated carbonate precursor with LiCl (1:10) and heating in
the resulting LiCl matrix, on the one hand, allows decomposing
the carbonate precursor and crystallizing the YAG phase, and on
the other hand, guarantees the separation of the nanoparticles
in the LiCl matrix to avoid particle growth and particle
agglomeration. Subsequent to the crystallization, the LiCl
matrix can be easily removed by rinsing with water, resulting in
colloidally stable, dispersible YAG:Ce suspensions.

The YAG:Ce nanoparticles show intense luminescence with
a quantum yield of 51(£3)%, which is among the highest values
obtained for YAG:Ce nanoparticles. Due to the good dis-
persibility, the obtained YAG:Ce nanoparticles can be
embedded in polymers by polymerization instantaneously in
the liquid phase. As a proof-of-the-concept, this is shown for
polyester, which shows bright white light emission with only
2 mg YAG:Ce nanoparticles per 1 g of polyester upon excitation
with 366 to 465 nm light sources (mercury discharge lamp, UV-
LED, blue-light LED) due to additive colour mixing of yellow
emission of YAG:Ce and reflected blue light of the respective
light source. The presented two-step approach can be optionally
transferred to other, high-lattice-energy luminescent materials,
such as Y,0;:Eu, YVO4:Eu, BaMgAl,;,0;,:Eu, BaMgAl;,0;:-
Eu,Mn or Zn,SiO,:Mn.
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