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ABSTRACT: In this work, for the first time, uniform blue-
emitting EuCl, nanoprisms and nanorods were synthesized
from Eu(CCI;C0O0);:2H,0 [or Eu(CH;CO0);-H,0]
by a novel mild liquid reduction route, using acetamidine
hydrochloride (or picolinamidine hydrochloride) as the
reductant in oleylamine. The synthetic reaction even can
take place under an atmosphere in the absence of inert gas at
around 300 °C. The EuCl, nanoprism dispersion in n-
hexane showed an intense blue emission when excited by
UV light.

niform inorganic nanocrystals have aroused wide interests
Uduring the last 2 decades because of their shape- and size-
dependent properties and self-assembly potential in devices and
bioassays." One of the most important categories is lanthanide
compound nanocrystals with rich optical, electric, and magnetic
properties caused by their special 4f electrons.” Despite a good
deal of work focusing on the stable trivalent lanthanide com-
pounds, such as oxides,?® fluorides 24~ phosphates,za’C and van-
adates,”® the number of publications on divalent lanthanide com-
pound nanocrystals (especially for Eu" nanocrystals with potential
as optomagnetic and luminescent materials) is still limited. Uni-
form Eu" nanocrystals reported so far are mainly europium
chalcogenides, EuX (X = O, §, Se).* In 2005—2006, the groups
of Scholes™ and Gao®” synthesized uniform Eu$ nanocrystals by
the thermal decomposition of Eu(ddtc);(phen). Later, Hasegawa
et al. prepared uniform Eu;_,Se nanoparticles by the thermal
reduction of Eu®" ion with organic ligands containing Se atoms.*®
These nanomaterials show attractive semiconductive and mag-
netic properties. Hasegawa et al. also found special luminescent
properties for small EuO* and EuS® nanocrystals.

Other common binary Eu" compounds, europium dihalides
EuX, (X = F, C|, Br, I), have been studied since the 1930s.°
Interesting ma%netic properties were found consistently for EuX,
(X =Cl, Br,1),” and tunable luminescence around 400— 500 nm
was also observed for europium dihalides, which originates from
the d—f transition of Eu*" sensitive to the environment.® How-
ever, few works have been reported on europium dihalide
nanocrystals largely because of the difficulty in preparation
caused by the instability of Eu** ions.” Recently, Mudring et al.
prepared nanoscale EuF, from its bulk material via physical vapor
deposition into ionic liquids.'® Such a method was relatively
complex and unsuitable for other europium dihalides.

Herein, we report the first synthesis of uniform EuCl,
nanoprisms and nanorods, from Eu(CCl;CO0);-2H,0 [or
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Eu(CH3COO0);-H,0] by a novel mild liquid reduction route,
with acetamidine hydrochloride [AAM, or picolinamidine hy-
drochloride (PAM)] as the reductant in oleylamine (OM).
Interestingly, the EuCl, nanoprisms dispersed in n-hexane
exhibited intense blue emission under UV-light excitation.

In a typical synthesis, Eu(CCl;CO0);+2H,0 (0.30 mmol)
and AAM (1.0 mmol) were mixed in OM (30 mmol). The
mixture was stirred at about 40 °C until a clear, colorless solution
formed. The solution was then heated rapidly to 300 °C, where it
was maintained for 1 h under stirring. After cooling, ethanol
(30 mL) was added to precipitate a gray-white product. The thus-
obtained EuCl, nanoprisms were likely produced through the
pathway described in Scheme 1. As is known, Eu’* ions can be
reduced to Eu”" ions by ammonia.'" Here, AAM was selected as
the reductant precursor, which could decompose at about 300 °C
to release ammonia.">

The powder X-ray diffraction (PXRD) pattern of the obtained
nanoparticles is shown in Figure 1a (top) and is consistent with
orthorhombic EuCl, (JCPDS card file, 73-0279; space group,
Pbnm; a = 8965 A, b = 7.538 A, and ¢ = 4511 A), indicating
formation of the target compound. Figure 1b shows the mor-
phology of the product observed by transmission electron
microscopy (TEM). The nanoparticles are uniform and appear
to be in the shape of hexagonal nanoprisms with sides of about
17.7 £ 1.7 nm and a thickness of 20.5 & 1.6 nm in length [Figure
S1 in the Supporting Information (SI) and Figure 1b inset,
indicated by arrows]. The high-resolution TEM (HRTEM) image
in Figure 1c shows an interplanar spacing of 0.39 nm in the [210]
direction. The fast Fourier transform (FFT) pattern of the lattice
planes (inset in Figure 1c) reveals that the hexagonal prism is
projected from the [001] direction. As observed from the HRTEM
image, the nanoprsims are single-crystalline in the core domain
and partially amorphous in the thin-shell region. The FFT pattern
shows some bright diffraction spots superimposed on a diffuse
halo, also suggesting a mixture of crystalline and amorphous
phases coexisting for the EuCl, nanoprisms. As determined from
the energy-dispersive X-ray (EDX) spectrum (Figure S2 in the SI),
the nanoprisms contain the atoms of Eu, Cl, and O at a ratio of Eu:
CL:O = 1:1.59:0.5. These results suggest that a partial surface
oxidization took place for the nanoprisms, with the formation of a
partially amorphous shell onto the nanoprisms due to the insertion
of O atoms into the surface layers of the nanoprisms. X-ray
photoelectron spectroscopy (XPS; Figure S3 in the SI) analysis
shows the clear presence of Eu”* (128.23 and ~134 eV) and Cl~
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Scheme 1. Formation Pathway of EuCl, Nanoprisms
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Figure 2. (a) TEM and (b) HRTEM (FFT pattern, inset) images of the
EuCl, nanorods synthesized from AAM and Eu(CH;COO);-H,0.
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Figure 1. (a) PXRD pattern of EuCl, nanoprisms (top) and the JCPDS
card file for EuCl, (bottom). (b) TEM images and a structural model of
the nanoprisms. (c) HRTEM image and FFT pattern (inset) of the
EuCl, nanoprisms.

(198.42 V), although some surface Eu”" ions have been oxidized
to Eu®" (~136 and 14223 eV)"? after the sample was exposed to
air for a week. The observed strong band of O 1s (531.47 eV) again
indicates that a doping of O atoms into the nanoprism lattices
might occur to form a surface oxide layer due to air oxidation of the
surface Eu>* ions (Figure 1c).>*'* The Fourier transform infrared
(FT-IR) spectrum of the nanoprisms (Figure S4 in the SI) proves
the existence of OM ligands on the surfaces of the nanoprisms.

Control experiments have been carried out to reveal the key
factors governing the selective formation of the EuCl, nanopar-
ticles in this synthesis. Because the decomposition temperature
(T4) of AAM is 292 °C (Figure SS in the SI), the reaction
temperature is critical for synthesis of the EuCl, product
(Figures S7 and S7 in the SI).

‘When the reaction was performed under a flow of N,, the size of
the product gets larger (Figure S8a in the SI). In the present synthesis,
it was also found that the sole use of OM as the solvent could well
control the growth of the nanoprisms because of its well surface
capping by providing steric stabilization and preventing aggregation
of the nanoparticles. When the inert solvent of octadecene (ODE)
was introduced into the reaction media (i.e., the solvent composi-
tion was changed to OM:ODE = 1:1), less uniform EuCl,
nanoprisms were obtained (Figure S8b in the SI), indicating
that the use of ODE was ineffective at controlling the nanopar-
ticle growth. Further, little precipitates formed when oleic acid
(OA) was used as the cosurfactants (OM:OA = 1:1 or ODE:OA =
1:1) because it may be harmful to the generated ammonia.

Figure 3. (a) UV—vis absorption and (b) excitation (4ey, = 404 nm)
and emission (4., = 291 nm) spectra of EuCl, nanoprisms dispersed in
n-hexane at room temperature (0.4 g L™ '). Inset: Photograph of the
suspension excited with a UV lamp at 365 nm.

Another reductant, PAM, was also synthesized to explore the
reaction mechanism in OM at 300 °C under atmospheric condi-
tions. As expected, similar EuCl, nanoprisms (Figures S9 and S10
in the SI) were produced, revealing that the amidine group is an
important active species while the different substituent groups
do not influence the reaction. However, if Eu(CH;COO);-H,0
was used as the Eu®* precursor, long nanorods of EuCl, were
synthesized when either AAM (Figures 2 and S10 in the SI) or
PAM (Figures S9 and S10 in the SI) was used as the reductant.
The nanorods have a size of about 180—800 nm X 34.4 = 7.5 nm
(Figure S11 in the SI), with an interplanar spacing of 0.39 nm in the
[010] direction. Considering that Eu(CCl;CO0);:2H,0 has a
lower T4 (250 °C; Figure SS in the SI) than Eu(CH;COO);+H,0
(374°C), the possible reason for the formation of differently shaped
EuCl, nanoparticles is that the rapid decomposition of Eu-
(CCl3C0O0);+2H,0 and the thus-released much more Cl ™ species
made the particles nucleate fast, suppressing the anisotropic growth
of EuCl, and leading to a smaller size distribution.®

Figure 3a shows the UV—vis absorption spectrum of the
EuCl, nanoprisms dispersed in n-hexane. The wide absorption
band at 288 nm is assigned to the 4f” — 4°5d" dipole transition
of Eu”" ions.'® The excitation spectrum (Figure 3b) is similar to
the absorption spectrum with a peak value at 291 nm, attributed
to the 4f — 4f°5d' transition. Besides, there is a staircase
structure superposed on the lower-energy band, peaking at
300, 318, 331, and 359 nm. The first three peaks can be attributed
to the transitions from the ground state of 4f” to the spin—orbit
multiplets of 4f°5d", while the last one is attributed to the
transition from the ground state of the 4f7 configuration
(®S,/,) to the lowest excited state (°P;/,)."® When excited at
291 nm, the suspension exhibited bright luminescence centered
at 404 nm (Figure 3b), a typical broad emission attributed to the
41°5d" — 4f transition of Eu®"."®'” It is noticeable that no
emission above 500 nm was detected, meaning that the Eu’* ions
were reduced almost completely. Luminescence decay of the
nanoprisms (Figure S12 in the SI) was best described by a
biexponential function [7; = 35.3 ns (57.0%) and 7, = 181.7 ns
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(43.0%)], indicating that there are two luminescent centers in the
sample. The shorter component corresponds to the lumines-
cence of surface Eu”" ions in the amorphous layer with more
defect state quenching. The longer one is attributed to emission
from the core Eu”" ions.

The EuCl, nanorods dispersed in n-hexane have an emission
band centered at 380 nm (Figure S13 in the SI), showing a 24-nm
blue shift compared with the emission of nanoprisms caused by
the influenced 4f—5d transition. The photoluminescent quantum
yield (®) is 7.3% for the nanoprism suspension and just 1.1%
for the nanorods. The supposed reason is that the Eu®"—Eu®*
concentration quenching is reduced efficiently in the nanoprisms
that have smaller particle size and dense surface Eu”" sites.'®

Furthermore, to study the stability of the EuCl, nanoprisms
after they were stored in air for several months, luminescent
measurements were performed by tracking the characteristic
Eu’’ ion emission at 613 nm (Figure S14 in the SI). It was
observed that, under the same measurement conditions, the
emission at 613 nm was quite faint compared with the band at
404 nm, implying that Eu** ions are significantly less and the
nanoprisms are stable in air. The PXRD and TEM results in
Figure S1S in the SI show that the sample keeps its morphology
and composition even after 6 months in air.

In summary, a simple liquid reduction method for the
preparation of uniform EuCl, nanoprisms and nanorods in
long-chain high-boiling solvents was developed. Thermal decom-
position of amidine hydrochloride (AAM or PAM) at 300 °C
generated ammonia, which reduced the Eu™ precursor to EuCl,,
even in the presence of air. EuCl, nanoprisms or nanorods were
obtained respectively by choosing Eu(CCl;CO0);+2H,0 or
Eu(CH3CO0);-H,0 as the Eu™ precursor. The reaction tem-
perature and surfactant composition were proved to be impor-
tant factors affecting the formation of the target products.
Photophysical studies revealed that the EuCl, nanoprisms ex-
hibit typical blue emission from an f—d electronic transition of
Eu’" ions with a high quantum yield of 7.3%. We expect that this
work can promote the controlled synthesis of divalent rare-earth
nanocrystals and their new optical and biomedical applications.
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