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A B S T R A C T

Cerium yttrium aluminum garnet (Ce:YAG, CexY3-xAl5O12) nanoparticles doped with different cerium amount were
obtained by calcining the precursors synthesized via co-precipitation in w/o microemulsion for 1 h at 900 °C. The
structural and morphological properties were investigated by using X-ray Diffraction (XRD), Infrared
Spectroscopy (IR) and Transmission Electron Microscopy (TEM) coupled with Energy Dispersive X-ray
Spectroscopy (EDS) in order to investigate the effect of doping level on formation and microstructure of obtained
nanoparticles. It was found that the composition of the final products strongly depends on the concentration of
cerium. The formation of single YAG phase was observed only at 0.5% cerium. For other concentrations, a
mixture of YAG and yttria phases was obtained indicating an effect of the cerium on stabilization of sesquioxide
phase. Optical properties of the single phase powder were also investigated in details.

1. Introduction

For decades, the synthesis of nanoparticles in confined environ-
ments such as microemulsions or liquid crystals have been considered
one of the best way to tailor the particle size and shape [1–3]. In
general, the particle size is influenced by the water/surfactant molar
ratio [4], by the water/oil molar ratio and by the temperature, which
affect the microstructure environment in the phase diagram [5]. If the
crystalline phase of the required material is obtained at high tem-
perature, the precursors prepared in microemulsions can be thermally
treated. Experimental data demonstrated that the systems maintain a
memory of the microstructure used as nanoreactor influencing the final
features of the material [6].

This kind of studies has been performed to obtain YAG (yttrium
aluminum garnet, Y3Al5O12) nanoparticles via co-precipitation of hy-
droxides in a bicontinuos microemulsions [7,8]. The preparation in
microemulsion allowed to obtain nanoparticles with well-defined
shape, not agglomerated and of smaller size (10–45 nm) respect to
those obtained by using other synthetic procedures. Furthermore, the
effect of the thermal treatment on the evolution of precursors toward
the formation of YAG phase has been also investigated demonstrating
the role of the surfactant in the growth mechanism. The possible growth

mechanism of YAG nanoparticles was discussed on the basis of observed
particle microstructure and morphology after several thermal treat-
ments [8]. The results indicated that the YAG growth process could be
influenced by a not complete oxidation of the surfactant (Cetyl-
trimethylammonium bromide, CTAB). Moreover, it cannot be excluded
the formation of a complex between aluminum ions and the degrada-
tion products of surfactant, which could affect the availability of alu-
minum to participate in the crystallization process.

YAG, whose cubic structure is in the space group Ia-3d, doped with
lanthanides ions, is an important material with interesting technolo-
gical applications in displays, X-ray scintillators, lasers, and white light
LED which are nowadays well consolidated [9–13]. Notwithstanding,
the interest of researcher is still growing because the optical properties
of nanocrystals are expected to be dependent not only on the kind of
dopant but also on the synthesis route that may influence particle size,
its distribution and morphology [14–17]. In this work, the effect of the
cerium amount on structure of YAG nanoparticles prepared in micro-
emulsion has been investigated.

The samples have been prepared in the bicontinuous microemulsion
constituted by water/CTAB/1-butanol/n-heptane and calcining the
precursors at high temperature. The crystalline habit of the obtained
materials has been investigated by using X-ray Diffraction (XRD) and
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Infrared Spectroscopy (IR). The morphology and particles size as well as
the elemental composition have been investigated by using
Transmission Electron Microscopy (TEM) coupled with an Energy
Dispersive X-ray Spectroscopy (EDS). Emission and Excitation spectra,
lifetimes and quantum efficiency measurements of the single phase
powder have been also carried out.

2. Materials and methods

2.1. Materials

Cetyltrimethylammonium bromide (CTAB, Aldrich ≥98%), 1-bu-
tanol (Aldrich, 99.8%), n-heptane (Sigma-Aldrich, 99%), Y(NO3)3·6H2O
(Sigma-Aldrich, 99.8%), Al(NO3)3·9H2O (Sigma-Aldrich, 99.8%), Ce
(NO3)3·6H2O (Sigma-Aldrich, 99.99%), ammonia solution (Sigma-
Aldrich 28%) and deionized water were used as received. The con-
ductance of deionized water was<1.5 μS/m.

2.2. Preparation of the nanoparticles

The precursor synthesis of Ce:YAG nanoparticles at different cerium
amount has been performed following the procedure already reported
[7,8]. The samples have been prepared in the bicontinuous micro-
emulsion R70, resulted the more suitable to obtain separate nano-
particles in the previous studies. The yttrium, aluminum, cerium nitrate
solutions (30 - x, 50 and x mmol L−1, respectively) were prepared by
dissolving proper amounts of Y(NO3)3·6H2O, Al(NO3)3·6H2O and Ce
(NO3)3·6H2O in water in order to obtain 0, 0.1, 0.2, 0.5, 1.0 and 2.0% of
cerium atoms with respect to total yttrium plus cerium atoms, ac-
cording to the formula CexY3-xAl5O12.

For each batch, a white hue sol was instantaneously observed as a
result of mixing with ammonia microemulsion. A complete precipita-
tion occurred in 12 h. The precipitates were thus filtered and repeatedly
washed with water to remove residual ammonia, nitrate ions, and
surfactant molecules. The obtained white precipitates were over-night
dried at 100 °C, then treated at 900 °C for 1 h. After calcination, solid
pellets were formed. The obtained pellets had a yellowish coloration
with tonality influenced by the cerium amount.

2.3. Characterization techniques

XRD patterns were acquired by a Philips PW 1050/39 diffractometer
in the Bragg-Brentano geometry using Ni-filtered Cu Kα radiation
(λ=1.54056Å) in the 2θ range 5–90° with a step of 0.05° and a time
for step of 5 s. The X-ray generator worked at power of 40 kV and
30mA, and the resolution of the instrument (divergent and antiscatter
slits of 0.5°) was determined using R-SiO2 and R-Al2O3 standards free
from the effect of reduced crystallite size and lattice defects. The phase
identification has been performed by using the X'pert HighScore®

Software.
The ATR spectra were recorded in the 40-4000 cm−1 range, with a

step of 2 cm−1, by using a Bruker Vertex 70 Advanced Research FT-IR
Spectrometer equipped with Platinum ATR. The measurements have
been performed at 2 hPa. Data have been corrected with a scattering-
type baseline.

Transmission Electron Microscopy (TEM) micrographs were acquired
by using a JEM-2100 (JEOL, Japan) operating at 200 kV accelerating
voltage, equipped with an energy dispersive X-ray spectrometer (EDS,
Oxford, UK) suitable for element identification. Each powder was
homogeneously dispersed in isopropanol by sonication. A small drop
was deposited on a lacey-carbon grid of 300 mesh, and after complete
solvent evaporation the nickel-copper grid was introduced into the TEM
chamber analysis.

Emission and excitation spectra of the nanoparticles were measured
using the FLS980 Fluorescence Spectrometer from Edinburgh
Instruments equipped with 450W Xenon lamp. Both the excitation and

emission 300mm focal length monochromators were in Czerny Turner
configuration. Excitation arm was supplied with holographic grating of
1800 lines/mm, blazed at 250 nm, while the emission spectra was
supplied with ruled grating, 1800 lines/mm blazed at 500 nm. The
spectral resolution was 0.1 nm. The R928P side window photo-
multiplier tube from Hamamatsu was used as a detector.

Quantum efficiency of luminescence was measured using the same
equipment supplied with 30 cm in diameter integrating sphere.

The lifetimes measurements were carried on a femtosecond laser setup
composed of a Coherent Libra-S all-in-one ultrafast oscillator and re-
generative amplifier laser system, with pulse duration less than 100 fs at
1 kHz repetition rate, a Coherent OPerA-Solo optical parametric am-
plifier and a Hamamatsu C5677 streak camera with time resolution of
14 ps.

3. Results and discussion

Structural and morphological investigation. The XRD patterns of the
obtained powders are reported in Fig. 1.

The undoped powder is constituted by single garnet phase [7,8]. The
XRD patterns of the samples doped with 0.1 and 0.2% of cerium can be
described in terms of two crystalline phases, the garnet phase and the
cubic yttrium oxide (Y2O3, yttria) phase, plus a small amorphous
component probably constituted by aluminum oxide, usually re-
presented by a typical diffuse profile centred at about 30° [18], evi-
denced in this case by an increased background, (see Fig. S1 of the
Support Information, S.I). Reflections corresponding to the garnet
phase are dominant and evident peaks broadening indicates that crys-
tallites are nanometric sizes.

On the contrary, the powders doped with higher cerium amount are
completely crystalline. The powder doped with 0.5% of cerium is
constituted by the single garnet phase. The powders doped with 1 and

Fig. 1. XRD patterns of the obtained powders. * YAG phase peaks, ° Y2O3 phase
peaks.
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2% of cerium are constituted also by well-defined garnet phase but with
a secondary phase. The peak position of this phase can be associated
both with the yttria presence (Y2O3) and the cubic phase of cerianite
(CeO2). Generally, the segregation of the cerianite at higher cerium
amount is expected because the Ce(III) ions are not more soluble in the
YAG matrix, due to the large ionic radius of Ce(III) [19,20]. However,
the intensity ratio between peaks at 29° and 48° is typical of yttria phase
for both samples (see Fig. S2 of S.I.), indicating that the secondary
phase is yttria and not cerianite. This behavior is certain unexpected and
different in respect to the conventional ones [19,20].

In order to better discuss the diffraction patterns of samples, the
XRD patterns of the powders were analyzed according to the Rietveld
method [21] by using the MAUD software [22]. The Rietveld best fit
well reproduces the diffraction patterns of each sample. The agreement
between experiment and model has been evaluated by Rwp, (in most of
the cases below 5%). XRD patterns, the correspondent Rietveld fits and
the residual plots are shown in Fig. S1 of the S.I. The results of the
quantitative phase determination together with the cell parameter for
each phase, crystallite size and lattice microstrain are reported in
Table 1.

The samples doped with 0.1 and 0.2% of cerium contain a sig-
nificant quantity of yttria (6 and 4%), while the samples doped with 1
and 2% of cerium contain a very low quantity of yttria (1 and 2%). The
sample with 0.5% of cerium is constituted by the single garnet phase,
with a cell parameter value equal to 12.0259Å, higher than the un-
doped reference obtained at the same temperature (12.0182Å). This,
together with the higher microstrain, is an indication of the presence of
cerium into the garnet lattice. The cell parameters of the YAG and yttria
phases as function of cerium amount are reported in Fig. 2.

The YAG lattice parameter increases with the cerium amount until
to 0.5%, and it is ascribable to the cerium substitution of yttrium into
the garnet lattice, as other authors observed [19,23]. The lattice para-
meter in the powders doped with 1 and 2% is unvaried in respect to the
ones of the powder doped at 0.5%, pointing out at the insolubility of
cerium ions at higher amount. On the contrary, the yttria lattice para-
meter increases (ayttria = 10.599Å, ICDD code 00-001-0831) and we can
assume that the presence of Cerium (III), not more soluble in the garnet
phase, leads to the formation of yttria phase where is more soluble (due
to greater ionic radius).

For all samples the calculated YAG crystallite size is similar in-
dicating that this parameter is not affected by the cerium amount.

In order to understand the role of cerium in phase formation, in-
frared spectra have been acquired. The ATR spectra of Ce:YAG powders
are shown in Fig. 3.

No band of O–H vibrations is present in the range 4000-1000 cm−1

(Fig. S3 in the S.I.). In the range 1000 - 40 cm−1 the same vibration

bands are present in all spectra. The peak profiles are sharp, which may
be due to an high order degree of cations, in terms of the lattice posi-
tions, according to diffraction observations. The peak assignment in-
dicates the presence of all characteristic one-phonon region vibration
modes of YAG crystal. The peaks between 790 and 650 cm−1 represent
the characteristic Al–O metal–oxygen vibrations of tetrahedral alu-
minum oxide, while the peaks between 600 and 90 cm−1 represent the
characteristic Al–O metal–oxygen and Y–O metal–oxygen of cations
octahedrally coordinated [24]. However, the characteristic yttria peaks
often recognized between 600 and 560 cm−1 are covered by YAG bands
[25]. In order to get light to this aspect, the intensity ratio between the
band at 560 cm−1 (Y-O) and the ones at 680 cm−1 of tetrahedral Al-O,
(I560/I680), was calculated. The I560/I680 values are reported vs the
cerium amount in the inset of Fig. 3. The trend has two minimum values
for 0 and 0.5% of cerium, indicating that the sample is a pure garnet
phase doped at 0.5%. The I560/I680 higher values obtained for the other
samples, reflecting the number of Y-O vibration respect to the tetra-
hedral aluminum ones, are another validation supporting the formation
of the yttria phase in agreement with the XRD data. This effect is more
evident for the samples doped at 0.1 and 0.2% (see maximum in the
inset in Fig. 3) which contain the highest amount of yttria phase.

A small peak at 180 cm−1 is present only in the spectra of powders
containing cerium. No similar evidences are present in literature cause

Table 1
Quantitative phase determination, cell parameter a, crystallite size D and lattice
microstrain for each phase obtained by applying the Rietveld method to the
XRD patterns of powders at the different cerium amount.

Ce % Phases %w/w Cell parameter a (Å) D (nm) Microstrain

0 YAG 100 a = 12.0182(7) 52(3) 0.00115(3)
0.1 YAG 91(2) a= 12.0249(6) 42(4) 0.00118(6)

Y2O3 6(1) a= 10.6070 (1) 42(4) –
amorphous 3(1) – – –

0.2 YAG 96(3) a= 12.0263(4) 50(5) 0.00116(3)
Y2O3 4(1) a= 10.6090(2) 39(4) –
amorphous 1.4(4) – – –

0.5 YAG 100 a = 12.0259(2) 50(4) 0.00149(1)
1 YAG 98 (1) a= 12.0255 (3) 54(5) 0.00153(2)

Y2O3 1 (2) a= 10.6430(5) – –
2 YAG 98(2) a= 12.0262 (2) 46(2) 0.00124(2)

Y2O3 2(1) a= 10.6590(4) 35(8) –

The error is given in parenthesis. ICDD phase codes used: YAG 01-079-1891,
Y2O3 00-001-0831.

Fig. 2. Cell parameter of YAG (•) and yttria (○) phases as function of cerium
amount. Lines are guide eye only.

Fig. 3. ATR spectra of powders at different cerium amount. Inset: I560/I680
values vs cerium amount. Inset line is guide eye only.
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Fig. 4. TEM micrographs and EDS spectra of the powders doped with 0.5, 1 and 2% of cerium.
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of the extremely low wavenumber. It could be attributed to the one of
the Ce-O vibration mode.

In addition, on increasing the cerium amount, a small shift of the
peak profiles toward lower wavenumbers is found. This shift indicates a
mass increase in the bond involved in the vibration mode, because the
frequency of vibration is inversely proportional to mass of vibrating
molecule. It is justified because of substitutions of yttrium with heavier
cerium ions, as already observed in literature [26].

TEM investigation was performed in order to investigate the mor-
phology and to evaluate the particle size. Chosen TEM micrographs at
different magnifications and EDS analysis of the powders at cerium
amount 0.5, 1 and 2% are reported in Fig. 4. TEM micrographs exhibit
similar morphologies and sizes (∼35 nm on average) of the observed
objects at the different cerium amount, similar to the un-doped YAG
obtained in the same conditions of microemulsion assisted synthesis
[7,8]. However, in some cases the particles agglomeration is different.
The sample of powder doped with 0.5% of cerium is constituted by
clusters of particles randomly distributed. After increasing the cerium
amount (to 1 and 2%), clusters randomly distribute and produce
structures of hedgehog shape, already identified in the study on the
effect of thermal treatment [8]. For better understanding the nature of
all observed objects the EDS analysis was performed. It was found that
the agglomerates were constituted by aluminum, yttrium and cerium,
while only yttrium and cerium are present in hedgehogs. This result,
according to XRD and IR data analysis, evidences the distribution of
cerium both in YAG and yttria particles. The higher amount of cerium,
not more soluble in the garnet phase, is segregated from the YAG
crystals, which maintain the same cell parameter, and thus solubilized
in the yttria phase.

These findings, arising from XRD, ATR and TEM-EDS data, could be
explained taking into account the methodology of preparation and in
particular the surfactant presence during the synthesis of the precursors
and the byproducts presence during the thermal treatment. We have
previously demonstrated that in the microemulsion assisted synthesis,
where the surfactant interacts with the ions in the hydroxide pre-
cursors, not only this influences the final particle size, but also the
mechanism of formation and growth, favoring and stabilizing the yttria
phase, at the beginning of the crystals formation [8]. An entrapment of
the byproduct within the amorphous matrix has been suggested to-
gether with the formation of a complex between aluminum ion and
bromide due to their Lewis acid-base properties. On the other hand,
Goworek et al. demonstrated the role of aluminum in the CTAB de-
composition in mesoporous sieves where a weak dealumination has
been observed during the thermal treatment [27] modifying the kind of
products of decomposition. In presence of aluminum a part of CTAB
molecules is transformed into various chemical species, mainly tri-
methylamine and 1-hexadecene, which bound to the surface and are
transformed only after desorption. The total desorption of amine spe-
cies requires high temperature.

On the other hand, the cerium content affects the evolution of the
crystalline phases, also at small concentrations, reaching a good quality
of the powder with the formation of the pure Ce:YAG nanoparticles at
0.5%. In presence of high amount of cerium, the surfactant and its
decomposition byproduct (in gaseous phase or adsorbed in the powder)
and in particular the bromide, could avoid the cerium oxidation
[28–30].

It means that it could be a peculiarity of this kind of synthesis be-
cause, by using other procedures of synthesis, the cerium is segregated
as Ce(IV) in the cubic cerianite. Since the knowing of the mechanisms of
CTAB decomposition is out of the scope of this work, it has not been
deepened. On the basis of the above results it will be investigated in a
separated work.

Optical properties. The optical properties of the single phase have
been thus investigated. The excitation and emission spectra of the single
phase powder are reported in Fig. 5.

The excitation spectrum consists of two characteristic for Ce 3+ ions

absorption bands centred at 340 nm and 460 nm assigned to 2F5/2 →5d1

electronic transition. Emission spectrum upon 450 nm excitation re-
veals the presence of inhomogeneously broadened emission that con-
sists of two bands related with 5d→ 2F5/2 and 5d→ 2F7/2 electronic
transition of Ce3+ ions.

The analysis of the kinetics of excited state of Ce3+ ions reveals that
the decay profile is a simple single exponential of τ=83 ns, which
indicates that the cerium ions provide additional channels of non-
radiative depopulation of 5d 1 state. The significantly longer decay time
of nanosized Ce:YAG in respect to the single crystal counterpart
(τ=63 ns) [31] results from the difference of the refractive index of
nanocrystal (effective refractive index) and crystal according to the
Meltzer model [15] (see Fig. 6).

The measured quantum efficiency of the powder doped with 0.5%
was found to be 55%. The lowering of the QY in respect to the com-
mercially available micropowder is related to the nonradiative pro-
cesses which effectively affect the emission intensity in nanoparticles
due to the large surface to core ions ratio. Since the operating tem-
perature may reach 300 °C in a real device, understanding of how the
emission intensity of Ce:YAG nanocrystals doped at 0.5% is affected by
the temperature is a key point (Fig. 7). As it can be noticed, emission
intensity is quenched by the temperature reaching 50% of its initial
intensity at 300 °C. Obtained results are in agreement with the trends
observed for the commercial Ce:YAG micropowder [32].

Fig. 5. Excitation and emission spectra of the powder doped with 0.5% of
cerium.

Fig. 6. Room temperature luminescence decay profiles of Ce3+ ions of the
powder doped with 0.5% of cerium.
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4. Conclusions

Ce:YAG nanoparticles characterized by different concentration of
cerium have been obtained via co-precipitation in microemulsion.
Composition, structure, microstructure, morphology of phases and the
optical properties have been investigated for all obtained samples of
materials.

The microstructure properties of YAG obtained from the XRD pat-
terns line broadening analysis incorporated in the Rietveld method
were in reasonable agreement with IR data and the morphology of
particles assessed by TEM. The dopant presence was confirmed by
means of EDS analysis.

The obtained results indicate that the presence of cerium affects the
formation of the garnet phase, in a different way respect to the tradi-
tional one. The single garnet phase doped with cerium was found only
for the sample doped with 0.5%. The presence of yttria was recognized
in the other samples. It was found also, that, at higher cerium amounts,
the insoluble Ce(III) is not segregated in the final product as cerianite,
but stabilized the yttria nuclei formation loaded with cerium. The
mechanism of formation is influenced by the presence of the surfactant
and by its decomposition. On one side the aluminum is slowly se-
questered by the decomposition byproducts favoring the yttria forma-
tion, on the other side the Ce(III) oxidation is inhibited by the presence
of bromide. The optical properties of the single phase powder are ty-
pical of Ce:YAG nanoparticles.
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