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A solution precursor route has been used to synthesize a series of nanocrystalline rare-earth borates.
Amorphous precursor powders are precipitated during an aqueous reaction between RE>* and NaBH,,
and the isolated powders can be annealed in air at 700 °C to form YBO3;, NdBO3, SmBO5, EuBO5, GdBOs,
and HoBOs. YBO3:Eu formed using this strategy shows red-orange emission properties that are similar
to high-quality nanocrystals prepared by other methods. The materials have been characterized by FTIR
spectroscopy, powder XRD, SEM, DSC, UV-Vis fluorimetry, and TEM with EDS and element mapping.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Due to their crystallographic noncentrosymmetry, metal
borates can exhibit nonlinear optical (NLO) properties [1]. While
bulk-scale single crystals of NLO materials are most commonly
used in optics, polycrystalline NLO materials are gaining increased
attention as candidates for use in applications due to an increased
efficiency for optical frequency conversion caused by constructive
interference [2]. A technological limitation of polycrystalline
materials is the ability to maintain the narrow range of
wavelengths emitted, which can be influenced by crystal defects
and crystal field symmetry [3-5]. Nano- and microcrystalline
rare-earth borates have been made by a variety of synthetic
methods, including solvothermal reactions [3,6-9], spray pyro-
losis [10], single-source precursor decomposition [4,11], and
sol-gel synthesis [12]. By decreasing their size to the nanoscale
regime, rare-earth borates could have applications as biological
fluorescence labels and could provide higher resolution as
phosphor components in plasma display panels [9]. However, as
a consequence of their size, low crystallinity and surface defects
can decrease the luminescence intensity. Therefore, an ideal size
range exists where nanocrystalline rare-earth borates can retain
optimal luminescence properties, which varies depending on
reaction conditions.
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Here we describe an alternative method for synthesizing
REBOs (RE =Y, Nd, Sm, Eu, Gd, Ho) by forming an amorphous
gel-like precipitate in an aqueous solution of RE3* following the
addition of aqueous NaBH, in the presence of a stabilizing
polymer. The dried precipitate is then annealed at 700°C in air
to form REBOs. In addition to the REBO3 phases, we are able to
form a nanostructured YBOs:Eu, a technologically relevant red
phosphor [3,4,9,12], that has comparable emission properties to
high-quality nanocrystals prepared by solvothermal methods [9].
This simple and general method could be useful for forming
application-directed nanostructured materials, such as thin films
and patterned surfaces, via deposition and post-annealing of the
dispersed nanoscopic precursors.

2. Experimental

Typically, 25-30 mg of rare-earth nitrates or acetates (purities
>99.9%, used as received from Alfa Aesar, see Table 1 for details)
was dissolved in 30mL of NANOpure water (reverse osmosis,
18.2 MQ) with 100 mg poly(vinylpyrrolidone) (40,000 MW, PVP,
Aldrich) in an Erlenmeyer flask. After stirring vigorously in air for
15min, a chilled 10 mL solution of aqueous 0.03-0.09 M NaBH,4
(98%, Alfa Aesar) was added dropwise, causing bubbling and often
the immediate generation of a translucent precipitate. After
stirring for 30-60min, a translucent gel-like precipitate was
isolated via centrifugation at 13 krpm. The precipitate was not
washed so that residual BH; would remain incorporated into the
recovered precipitate. After drying in air at 50°C, the powders
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Table 1
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Synthetic details for the formation of amorphous RE-B-0 powders and thermal transformation to REBO3

RE®* precursor(s)

Mass of NaBH,4 (mg) in 10 mL H,0

Heat treatment Product

25.5mg Y(ac)s - 4H,0? 10.5
22.8 mg Eu(NOs)s - 6H,0 13.9
35.2 mg Nd(NO3); - 6H,0 32.0
35.4mg Sm(NOs3); - 6H,0 214
26.2 mg Gd(ac)s - xH,0 32.6
35.3 mg Ho(NO3); - 5H,0 30.9
2.2 mg Eu(NO3); - 6H,0+15.8 mg Y(ac)s - 4H,0 (or 11.7 mg YCl5 - xH,0) 14.0

700°C, 90 min Orthoborate YBO3
700 °C, 90 min Orthoborate EuBO3
700°C, 2h Hexagonal NdBO3
700°C, 2h Orthoborate SmBO3
700 °C, 90 min Orthoborate GdBO3
700 °C, 90 min Orthoborate HoBO3
700°C, 2h Orthoborate YBO3:Eu

¢ ac = acetate.

were opaque, dense and white except for Ho and Nd, which were
pink and purple, respectively. The as-prepared dried powders
were then annealed in air at 700 °C for 90-120 min to form REBOs.
Specific details for each metal borate system are listed in Table 1.

Powder X-ray diffraction (XRD) data were collected using a
Bruker GADDS three-circle X-ray diffractometer (CuKo radiation)
using microdiffraction powder techniques [13]. Transmission
electron microscopy (TEM) images and energy-dispersive X-ray
spectroscopic (EDS) analysis were collected on a JEOL 2010 TEM
operating at 200 kV. Samples were prepared by re-suspending the
isolated nanoparticles in ethanol and dropping the solution onto a
carbon-coated Ni grid. Scanning electron microscopy (SEM) was
performed using an Electroscan ESEM-E3 scanning electron
microscope operating at 15kV. Metal borate powders were
prepared for SEM by coating with AuPd using a metal sputter
coater. Differential scanning calorimetry (DSC) and thermal
gravimetric analysis (TGA) data were collected on a TA Instru-
ments Q600 SDT under flowing air at a heating rate of 10 °C/min.
UV absorbance and emission spectra were collected using a
Photon Technology International (PTI) fluorimeter with an arc
lamp at a scan rate of 1nm/s. ATR-FTIR spectroscopy was
performed using a Bruker TENSOR 27 ATR from 600 to 4000 cm ™.

3. Results and discussion

When aqueous sodium borohydride is added to a solution of
Eu®* and PVP in water, the solution changes from clear and
colorless to murky, and a translucent gel-like precipitate forms.
Under dry reaction conditions, spectroscopic evidence suggests
the formation of tetrahydroborate polymeric solid-state structures
for some lanthanides in which BHz bridges two metal atoms [14].
The stability of these networks is influenced by how easily the
metal cation can be reduced by BHz [14]. In the case of the rare
earths, which have a more negative reduction potential than BHz
[14], the tetrahydroborate complexes are stable and unreactive.
Based on the byproducts from the reaction of BH; with water [15]
and the known interactions of RE3>* ions with BH; [14], we
hypothesize that a polymeric network is forming in solution. One
possibility is that byproducts from the reaction of BH; with water
bridge RE>* cations to form polymeric networks that precipitate
out of aqueous solution as a gel-like solid. ATR-FTIR spectroscopy
was used to confirm the presence of B-O groups in the as-
prepared samples. Stretches in the region of 1200-1500cm~"' can
correspond to both B-O and bridging B-H moieties in the as-
prepared powder (Fig. 1, top) [14,16], although additional studies
with deuterated sodium borohydride suggest that the moieties
present contain oxygen. When annealed to form EuBOs, the
stretches in this region decrease in intensity and a new group of
signals appears in the 800-1000cm™' region corresponding to
B-0 stretches in vaterite-type EuBOs (Fig. 1, bottom) [17].
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Fig. 1. ATR-FTIR spectra for (top) the as-prepared powder using aqueous Eu(NOs);
and NaBH, and (bottom) EuBO3 after annealing the as-prepared powder at 1000 °C
in air to ensure burn-off of PVP. Red and blue boxes indicate regions where B-O
stretches and vaterite-type B-O stretches are observed, respectively.

After isolating the gel via centrifugation and dehydrating at
50°C, the as-prepared powder can be transformed into EuBO3 by
thermal treatment in air. As seen in Fig. 2a, the as-prepared
powder (top) is amorphous by powder XRD. Heating it to 500 °C
begins to crystallize Eu,Os, which is further transformed to
vaterite-type EuBO; when heated at 700 °C for 90 min. Typically,
using solid-state methods, vaterite-type EuBOs is reported to form
at temperatures above 750 °C [17]. DSC measurements in air show
an exotherm at 610°C (Fig. 2b), corresponding to the crystal-
lization of EuBOs. This transition at 610°C is at a slightly lower
temperature than the exotherm reported for the crystallization of
vaterite-type EuBOs using solid-state synthetic techniques, which
occurs near 650°C [17]. Fig. 3a shows a TEM image of the as-
prepared amorphous Eu-B-0 powder, which is made up of a web-
like network of smaller particles. An SEM image (Fig. 3b) of
vaterite-type EuBOs; formed by heating at 700 °C shows that the
product roughly retains the network-like morphology of its
precursor.

In addition to EuBOs, other rare-earth borates can be formed
using this method. YBO5, GdABO3, HoBO3, SmBO3; and NdBOs3 can be
made by annealing their respective amorphous powder precursors



3266 A.E. Henkes, R.E. Schaak / Journal of Solid State Chemistry 181 (2008) 3264-3268

a b

as prepared ]
4 610 °C
. 500 °C -
2 - 1
: HPE
> | |0 n “ B
i Eu,0, (simulated) € ]
8 PO
5 700°c | 2 .
s e ]
2 - ]
£ 1000 °C E
| \ Ll gl -2 _:
EuBO, (simulated) E
||||||||||||||||| IIIIIIIIIIIIIIIII
20 30 40 50 60 70 80 400 500 600 700

2-Theta (degrees) Temperature (°C)

Fig. 2. (a) Powder XRD patterns characterizing the synthesis of EuBO5; from an
amorphous Eu-B-0O powder. The as-prepared powder (top) was annealed at 500,
700 and 1000 °C in air. Crystalline EuBO; was formed at 700 °C. (b) DSC trace for
the as-prepared powder collected under flowing air showing an exotherm at
610 °C, correlating to the crystallization of orthoborate EuBOs.

Fig. 3. (a) TEM image of the as-prepared Eu-B-0 powder. (b) SEM image of porous
EuBOj; prepared by annealing the powder from (a) at 700 °C in air for 90 min.

at 700°C (Fig. 4). All crystallize as orthoborate phases, except
NdBOs, which preferentially forms a hexagonal phase that does
not have NLO properties. All products are white, except Ho-B-0
and Nd-B-0O, which retain the color of their Ho(NOs); and
Nd(NOs); precursors, respectively. This is credited to 4f transitions
in the Ho>" and Nd3* ions [15]. However, the color disappears
when the amorphous powders are annealed to form HoBOs and
NdBOs3, which are both white solids.

The REBOs orthoborates are noncentrosymmetric, which can
result in NLO properties [1]. Of particular technological interest
are orthoborates doped with rare-earth cations because they
can be used as phosphors. When irradiated with UV light, YBOs:Eu
emits in the red-orange region of the visible spectrum [3,4,9,12].
A promising red phosphor for use in plasma display panels,
YBO3:Eu has a strong luminescent intensity, a high optical
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Fig. 4. Powder XRD patterns for other REBO; phases accessible by annealing
amorphous precursor powders at 700°C in air for 90-120 min. Simulated XRD
patterns are shown below experimental data.
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Fig. 5. Powder XRD pattern for Eu-doped YBOj; after annealing at 700 °C for 2 h in
air. The simulated XRD pattern for YBOs, PDF card no. 16-277, is shown for
comparison.

damage threshold, vacuum-UV transparency, and chemical stabi-
lity [9]. The quality of emission from YBOs:Eu is related to its
crystallinity and the symmetry around the Eu®* cations [3,4].
The strongest UV-emission bands in the visible range observed
for YBOs:Eu are at 592, 612 and 624 nm. The orange emission
at 592 nm corresponds to a magnetic dipole transition, whereas
the red emission at 612nm corresponds to an electric dipole
transition [3]. Local crystal field symmetry around the Eu’*
cations can have a significant effect on electric dipole transitions
[3]. For example, bulk-scale single crystals have high local
symmetry around the Eu3* cations, which diminishes the
intensity of the red emission. However, when the crystal size
is decreased to nanoscale dimensions, surface defects decrease
the local symmetry around the Eu>' cations, increasing the
intensity of the red emission [3,9]. For use in plasma displays, it
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is important that the YBOs:Eu have a strong red emission
component [4].

Using our synthetic protocol, we were able to synthesize YBO3
doped with Eu3* by annealing the as-prepared powder at 700 °C in
air for 2 h (Fig. 5). This results in the precipitation of networks of
small particles (~10-20 nm in diameter), as seen in Fig. 6a. The
homogeneous incorporation of Y and Eu is confirmed by EDS
mapping, showing an 87:13 Y:Eu ratio (Fig. 6b-d). When
annealed, the resulting powder retains the periodic voids defined
by the nanoparticle networks and is composed of constituent
particles that are ~500nm in diameter (Fig. 7). A UV-emission
spectrum (Fig. 8) obtained by irradiating YBOs:Eu particles

Y:Eu 87:13
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Fig. 6. (a) TEM image of as-prepared Y-Eu-B-O powder with EDS maps showing
the presence of both (b) Y and (c) Eu homogeneously distributed in the sample;
(d) EDS spectrum showing a Y:Eu ratio of 87:13.

Fig. 7. SEM images of nanocrystalline YBO5:Eu powder taken at (a) 2.8k and (b) 9k
magnification.
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Fig. 8. Emission spectrum for YBO3:Eu (dispersed in isopropanol) collected under
254-nm UV irradiation. Peaks at 593 and 612nm correlate to orange and red
emissions, respectively.

dispersed in isopropanol with 254-nm light shows emission
bands at 593, 612 and 627 nm, which correlate well with previous
literature reports [9]. The dominant red emission at 612 nm is in
accordance with recent reports of emission spectra for 8 nm
YBOs:Eu nanocrystals prepared by solvothermal methods [9].

4. Conclusions

Here we have described a simple aqueous precursor strategy
that was developed for synthesizing amorphous rare-earth borate
powders, which can be annealed to form REBO; powders that
retain the network-like structure of their precursors. It is
hypothesized that the amorphous precursor is made up of a



3268 A.E. Henkes, R.E. Schaak / Journal of Solid State Chemistry 181 (2008) 3264-3268

polymeric network of RE>* and B-O species formed from the
reaction of BH; with RE®* cations in water, which facilitates
conversion into the REBO3 products. Due to their NLO properties,
rare-earth orthoborates can be used as red phosphors in plasma
displays. Of particular importance is the formation of YBOs:Eu
using this strategy, which has a red-orange emission comparable
to literature reports [9]. Preliminary evidence suggests that other
metals can be introduced into the amorphous RE-B powder,
resulting in a multi-metal precursor that can be used to form
huntite-type AIsRE(BO3)s. The simplicity of this strategy for
synthesizing REBO3; and the nanocrystalline particle sizes could
also make it useful for forming thin films and patterned
substrates.
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