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Nanocrystalline RB6 (R = Ce and Eu) have been successfully synthesized by a solid-state reaction of CeO2

and Eu2O3 with NaBH4 at a temperature range of 900–1200 �C. Phase composition, grain morphology,
microstructure and valence states of RB6 were investigated by using XRD, FESEM, HRTEM and XANES
measurements. Results show that all the synthesized hexaborides are composed of single-phase nanopar-
ticles with cubic morphology. The FFT patterns of HRTEM images reveal that the hexaborides have a high
crystallinity with CaB6-type cubic structure. The present preparation technique is as a novel and invalu-
able for the developments of highly crystallized RB6 nanoparticles.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Rare-earth hexaborides (RB6) as a multifunctional novel mate-
rial have attracted many interests owing to their special electronic
and magnetic performance. Among the rare-earth hexaborides,
LaB6 and CeB6 as an excellent thermionic electron emitter were
characterized by high brightness, thermal stability, low volatility
and high mechanical strength [1–4]. SmB6 as a topological Kondo
insulator also has attracted much attention due to the manifesta-
tion of strong electronic correlations which give rise to exotic
ground state [5–8]. NdB6 [9] and EuB6 [10] are extensively studied
due to their complicated magnetic transport properties. In resistiv-
ity and specific-heat measurements, there are two magnetic phase-
transition temperatures observed for EuB6 at Tc � 15.5 and 12.6 K.
GdB6 [11] was reported to have the lowest work function. How-
ever, because of its relatively poor stability at high working tem-
perature [12], it is more suitable for field emission electron
source with high brightness at room temperature rather than
thermionic cathode. Based on the above mentioned facts, there
are great research prospects for rare-earth hexaborides, especially
regarding to their excellent thermoemission, magnetic and topo-
logical insulator properties.

Recently, rare-earth hexaborides with nanostructure such as
nanowires [13–16] and nanopowders [17–20] have attracted great
interests in both scientific and technological areas. Since the
nanowires have a very sharp tip with diameters of less than hundred
nanometers, it is very well fit the purpose of higher brightness and
lower energy spread for field emission transmission and scanning
electron microscope. By comparison with nanowires, the RB6 nano-
powders have shown many superior properties. The various RB6

nanopowders showed different absorption capabilities in near infra-
red rays (NIR) due to the different free electron plasmon energies
such as 1.97 eV for LaB6, 1.96 eV for CeB6, 1.89 eV for PrB6 and
1.90 eV for NdB6, respectively [21]. Takeda et al. have reported that
the LaB6 nanopowder shows a largest NIR absorption among the RB6

nanopowders [22]. Yuan et al. studied the particle size effects on the
optical properties of the composites of LaB6 nanopowder mixing
with polymethyl methacrylate (PMMA) [23]. The result shows that
when the particle size is about 70 nm, it has the best optical property
among the composites. Above mentioned excellent optical property
of RB6 nanopowder will very well meet the unique approach to
reduce solar heat, which also provide a potentially low-cost and
high-productivity solution. More recently, Lai et al. have success-
fully prepared a core–shell structured LaB6@C-SiO2, which shows
excellent NIR photothermal conversion property and bright blue
emission under UV irradiation, and green emission under visible
irradiation [24]. Therefore, the RB6 nanopowder will be widely used
for the commercial applications as transparent solar control sub-
stances such as PET films and PVB interlayers for automotive and
architectural windows. Another important development in the RB6

nanopowder is that a great improvement on the density, hardness
and fracture toughness of the WC-10 Co alloys has been achieved
by adding a small amount of LaB6 nanopowder [25].
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Up to now, many synthesis methods [26–30] have been devel-
oped to prepare the RB6 nanopowder for a low reaction tempera-
ture, easy to handle precursors, simple process controlled and
low cost. Here, we report a simple and novel method for preparing
the nanocrystalline RB6 (R = Ce, Eu) by a solid-state reaction of
R2O3 with NaBH4 in a continuous evacuating conditions. In this
way, we have found the trivalent CeB6 can be obtained using the
mixed valence of CeO2 as raw materials, which is confirmed by
the study of X-ray absorption near edge structure (XANES). The
effects of reaction temperature on the crystal phase, size and mor-
phology were characterized by using XRD, FESEM and HRTEM.

2. Experiments

The CeO2 (99.99% purity), Eu2O3 (99.9% purity) and NaBH4 99.0 purity) powder
in a fixed molar ratios were mixed in an agate mortar for an hour. Then the mix-
tures were put into a quartz tube and placed in the resistance furnace at a reaction
temperature in the range from 900 to 1200 �C for 2 h. Whole reaction was kept
under a vacuum of 2 � 10�2 bar. The phase identification was examined by X-ray
diffraction (Cu Ka radiation, Philips PW1830). The crystal morphology was charac-
terized by field emission scanning electron microscope (FESEM: Hitachi SU-8010)
and the microstructure is characterized by transmission electron microscopy
(TEM: FEI-Tecnai F20 S-Twin 200 kV). The XANES measurement was carried out
using synchrotron radiation at the BL-12A station of Photon Factory, Japan.

3. Results and discussion

3.1. Characterization of the raw materials

It is necessary to study the microstructure of raw materials
because the particle sizes of raw materials have influence on the
grain size of final products in solid-state reaction. Fig. 1(a) shows
the particle morphology of CeO2 powders, it displays a nearly
spherical morphology with a size in the range 50–100 nm except
for a small number of aggregations. Comparing with Fig. 1(b), it
can be found the Eu2O3 powder displays a uniform distributions
and spherical morphology with a size of 40 nm, some of them
are adhered together to show a liner shape.

3.2. Phase identification of RB6 nanocrystals

Fig. 2(a) shows the XRD patterns of CeB6 prepared at 1000–
1150 �C holding for 2 h. The diffraction peaks of prepared at 1000
and 1150 �C can be assigned to the CaB6 main phase and small
amounts of LaBO3 impurity phase detected, which is might be
needed more acid-washing to exclude them. There is also small
amounts of impurity is detected from Fig. 2(b) when the EuB6 pre-
pared at 1100 �C. Comparing Fig. 2(a) with (b) it can be concluded
that the optimization reaction temperature of CeB6 and EuB6 are
1100 and 1150 �C, respectively. Their diffraction peaks are well
indexed and assigned to the parallel crystal plane of (100), (110),
Fig. 1. FESEM image of raw mate
(111), (210) and (211), which belongs to the cubic crystal system
with the Pm-3m space group.
3.3. The morphology and microstructure of RB6 nanocrystals

In order to better obtain the information of grain sizes and typ-
ical shapes of as-synthesized RB6 products grown under different
experimental conditions, the field emission scanning electron
microscopy (FESEM) are used to observe the grain morphology. It
can be seen from Fig. 3(a) that the CeB6 prepared at 1000 �C is com-
posed of a great deal of aggregated nanoparticle and a small num-
ber of cubic body with a size of 10–20 nm shown in the upper side
of magnified SEM. When the reaction temperature is increased to
1100 �C, the nanoparticle convert into small crystalline nanocube
with a size of 50–100 nm shown in Fig. 3(b). But it is also found
that the CeB6 crystals are adhered together to show a less distribu-
tions and other some amounts of large-sized non-cubic morphol-
ogy crystals observed in this reaction temperature of 1100 �C.
The reason is might be the aggregations raw material of CeO2

formed the non-cubic morphology of large grains, which lead to
the prepared powder less uniformed and distributions.

Fig. 4 shows the FESEM image of EuB6 prepared at 1000–1200 �C.
It is interestingly found from Fig. 4(a) that there are a large number
of small cubic grains not nanoparticle, which grain size in the range
of 10–20 nm at the reaction temperature of 1000 �C. Subsequently,
while the reaction temperature elevated to 1100 �C, the perfect
small nanocubes maintained the grain size of 30 nm and cubic mor-
phology. However, when the reaction temperature increasing to
1100 and 1200 �C, there shows an obvious grain-growth behavior,
which grain size increased to 50 and 100 nm respectively. One of
the important factors for the grains growth is the high specific sur-
face and high diffusion coefficients of nanocube have cause to mass
transport through lattice and grain boundaries to grain growth.
Comparing the SEM observations of EuB6 with CeB6, we have found
the EuB6 crystals show a more uniform distribution than CeB6. This
is due to raw materials of Eu2O3 is more uniform than CeB6.

In order to further study the microstructure of RB6 nanocrystal at
different reaction temperature, the TEM as an effective character-
ization method to be used to observe the grain morphology and
crystallinity. Herein, the EuB6 as an example to be given the analyses
in Fig. 5 with the selected area electron diffraction (SAED) pattern
and the high resolution TEM (HRTEM) image. It can be seen from
images that it is mainly composed by the large amounts of spherical
nanoparticle and small amount of nanocube with a mean size of
10 nm, which insert magnified TEM fully confirmed the degree of
crystallinity. Its corresponding SAED pattern can be indexed to
(200) and (210) planes, indicating at initial temperature of 900 �C
the ultrafine nanoparticles and nanocrystal are coexist. While the
reaction temperature increase from 900 to 1100 �C, the nanoparticle
rials, (a) CeO2 and (b) Eu2O3.



Fig. 2. XRD patterns of RB6 nanopowders prepared at different temperature for (a) CeB6 and (b) EuB6 after acid-washing.

Fig. 3. FESEM images of CeB6 prepared at (a) for 1000 �C and (b) for 1100 �C.

Fig. 4. FESEM images of EuB6 prepared at (a) 1000 �C, (b) 1100 �C, (c) 1150 �C and (d) 1200 �C.
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have transformed into nanocube with the mean size of 20 nm
shown in Fig. 6. Its corresponding HRTEM image shows the EuB6

nanocube displays a high crystallinity at 1100 �C, where the top
right of FFT patterns reveals that the EuB6 single crystal is mainly
composed of (100) and (110) crystal planes. Fig. 7 shows the TEM
images of EuB6 prepared at 1150 �C. It can be seen that the grain size



Fig. 5. TEM analyses of EuB6 prepared at 900 �C for 2 h with the SAED pattern of the powder and its indexing (down left) and the HRTEM image (top right).

Fig. 6. TEM analyses of EuB6 prepared at 1100 �C for 2 h with the HRTEM image of
nanocube (top left) and the FFT patterns (top right).

Fig. 7. TEM analyses of EuB6 prepared at 1150 �C for 2 h with the HRTEM image of
nanocube (top left) and the FFT patterns (top right).
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obviously increase to 50 nm, which is agreement with SEM results,
and FFT patterns confirm the cubic structure. Based on the above
HRTEM analysis, it can be concluded that, the EuB6 ultrafine nano-
particles transformed into nanocube when the reaction tempera-
ture increase from 900 to 1150 �C.

3.4. Valence state characterizations of RB6 nanocrystals

It is well known that the valence state of rare-earth element in
raw materials is a key factor for whether obtaining the RB6 prod-
ucts in the reduction reaction. In order to clarify the valence state
of raw materials and reaction products, the X-ray absorption near
edge structure (XANES) technique was used to obtain the informa-
tion on the electronic state of element such as valence and coordi-
nation environment. Fig. 8 describes the normalized XANES spectra
l(E) around the rare earth (R) L3 edge for raw materials and reac-
tion products, respectively, where the date of LaB6 and NdB6 is just
for comparison with CeB6. It can be seen from the upper layer in
Fig. 8 that there is obvious one extra peak at the position of
5487 eV and 6212 eV for La2O3 and Nd2O3, respectively. Based on
the investigation of Aritani et al. [31] and Choi et al. [32], these
peaks representing the La and Nd located in the trivalent state,
which come from the excitation from 2P3/2 to 5d orbitals. However,
the two peaks locate in the position of 5728 eV and 5736 eV from
the CeO2 spectra, indicating a characteristic of mixed valence state.



Fig. 8. Normalized XANES spectra around the R L3 edge for raw materials and RB6.
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According to the work of Li et al. [33], the two peaks of CeO2 are
attributed by the Ce trivalent and tetravalent states, which come
from the excitation from 2P3/2 to 5d orbitals with final state 4f1.
Comparing with the XANES spectra in the lower layer of Fig. 8, it
is found that there are single spectra peak observed at 5487,
5728 and 6212 eV for LaB6, CeB6 and NdB6, respectively. It indi-
cates the rare-earth elements are in the trivalent state in these
hexaborides. Therefore, based on the above analysis, it can be con-
firmed that the rare-earth hexaborides such as CeB6 not only can
be synthesized by trivalent raw materials, but also by tetravalent
raw materials, which opens a new preparation route for nanoma-
terials with a wide range of possible applications.

3.5. The reaction mechanism for RB6 nanocrystals

In the whole synthesis procedure, it is believed that the nano-
crystalline RB6 were obtained by a solid-state reactions of rare-
earth oxide with NaBH4, where must be a strong reducing agent.
Thus, the proposed reaction mechanism for forming RB6 is con-
cluded as follows:

NaBH4ðSÞ ¼ NaðSÞ þ BðSÞ þ 2H2ðgÞ ð1Þ

At initial chemical reaction procedure, the NaBH4 is decom-
posed to H2 gas, B and Na when increasing temperature to around
900 �C as shown in Eq. (1). Due to the boiling point of Na is about
882.9 �C, so it evaporated at 900 �C and then deposited at the lower
temperature side, which is observed after the reaction.

2R2O3ðSÞ þ 3H2ðgÞ þ 18BðSÞ ¼ 3RB6ðSÞ þ 3H2OðgÞ þ RBO3ðSÞ ð2Þ

At second step, the rare-earth oxides are reduced by the strong
reducing agent of H2, and then the H2 gas reacts with O to form
H2O at an elevated reaction temperature as described in Eq. (2).
The gaseous H2O is removed by vacuum pump and the impurity
RBO3 phase is removed by hydrochloric acid washing. While the
mixed valences of CeO2 as raw materials, there is an additional
reducing reactions as follows:

Ce4þ þH2 þ B! CeB6 þHþ ð3Þ
4. Conclusions

In summary, a new preparation method for RB6 nanocrytals has
been successfully developed. The method shows the advantages of
single step, low cost and grain size controlled. The nanocrystalline
RB6 has perfect cubic grain morphology and the reaction tempera-
ture has a significant effect on the grain size and morphology. For
EuB6 crystal, while the reaction temperature increasing from 900
to 1150 �C, the ultrafine-nanoparticles transformed into nanocube.
XANES spectra show that the rare-earth elements are in the state of
trivalent state in the hexaborides and the CeB6 also can be pre-
pared by tetravalent raw materials. Thus, in present work, this
new preparation route is significantly important for the developing
new rare-earth nanomaterials with a wide range of possible
applications.
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