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Baz(PO,), hierarchical structures: synthesis,
growth mechanism and luminescence properties

L. Krishna Bharat and Jae Su Yu*

Europium ions-activated flower-like Bas(PO,4), phosphor samples with assembled nanoplates were pre-

pared by a facile synthesis route. X-ray diffraction patterns confirmed the single crystal structure with a

rhombohedral phase. The synthesis mechanism of these hierarchical structures was explained from scan-

ning electron microscope images taken at different growth times. Transmission electron microscopy was

performed to further examine their crystallinity and the structural properties were also studied by Fourier
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transform infrared spectroscopy analysis. The optical properties were investigated by analyzing the photo-
luminescence (PL) excitation and emission spectra of the samples. The PL emission spectra showed red
emission of trivalent europium (Eu®*) ions along with blue emission due to the reduction of Eu®" to its

divalent (i.e., Eu") state. The cathodoluminescence spectra of the samples were almost similar with the PL

www.rsc.org/crystengcomm

Introduction

In recent years, synthesis of novel inorganic materials with
controllable shapes, sizes and dimensions (zero, one, two and
three) has gained interest and importance due to their poten-
tial applications in various fields such as optics,"” electron-
ics®>* and biology.”® More attention has been paid to complex
microstructures which are assembled from nanostructured
building blocks such as nanoparticles” or quantum dots®
(zero dimensional), nanorods,” nanowires,'® or nanoribbons™*
(one dimensional), and nanosheets,'> or nanoplates™ (two
dimensional). Baz(PO,), is a good host material for lumines-
cence from rare-earth metals."*"® This host material is made
up of tetrahedral PO,*" blocks and is extensively used as a
laser material in single crystal form as well as an efficient
phosphor in powder form. Among the rare-earth doped phos-
phates, trivalent europium (Eu®*") ions have been studied
intensely due to the red emission from intra-configurational
f-f transition. The emission properties of europium ions
strongly depend on the local environment in the host lattice.
The Eu®" ions give intense red emission, while, in the divalent
state, they provide a wide range of emissions from ultraviolet
(UV) to red depending on the nature of the host material.*®"”

Generally, phosphors are prepared by a conventional
solid-state reaction method. However, this method produces
several impurity phases easily due to poor mixing and low
reactivity of raw materials. Moreover, the large size of the par-
ticles prepared through this method is also liable. On the
other hand, recently, several wet chemical methods have
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spectra without any acute changes.

come into the limelight as efficient methods for preparing
phosphors with tunable shapes and sizes. The intimate
mixing of starting materials, low reaction temperature, and
excellent chemical homogeneity make wet chemical methods
more reliable. There are few reports on the synthesis of nano-
composites of Bas(PO,), by wet chemical techniques."®>° To
the best of our knowledge, there were no reports found on
the synthesis and optical properties of three-dimensional
(3D) hierarchical single crystal Bas(PO,), architectures.

In this work, we reported the synthesis of Bas(PO,), micro-
architectures formed with the assembly of nanoplates by a
facile synthesis route. The optical properties of europium
ions-activated Bas(PO,), phosphors were also studied through
photoluminescence (PL) and cathodoluminescence (CL)
spectroscopy.

Experimental procedure

Flower-like Bas(PO,), structures were prepared by a facile wet
chemical precipitation process. The chemicals used in this
experiment, like barium nitrate (Ba(NO3),), ammonium phos-
phate dibasic ((NH4),HPO,), sodium hydroxide (NaOH),
cetyltrimethylammonium bromide (CTAB) and europium
nitrate pentahydrate (Eu(NOj;);-5H,0), were of high purity
grade and purchased from Sigma-Aldrich Co. Firstly, solution
I was prepared by mixing 3 mmol of barium nitrate and 0.05
g of CTAB in 100 ml of de-ionized (DI) water. Similarly, solu-
tion II was prepared by adding 2 mmol of ammonium phos-
phate to 100 ml of DI water. These two solutions were stirred
thoroughly until clear solutions were obtained. Then, the
solution II was added slowly to the solution I. The pH was
adjusted to 13 using 1 M NaOH solution and the resulting
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solution was stirred for 10 min at room temperature. Finally,
the solution temperature was increased to 80 °C with the
help of a hot plate and kept for different reaction times of 2,
4, 6 and 8 h. The final product was filtered, washed with eth-
anol and DI water, and dried at 60 °C for a day in an ambient
atmosphere. Europium ions-doped samples were also pre-
pared by following similar steps with different concentrations
of europium (1, 2, 4, 6, and 8 mol%). The proposed chemical
reaction for the formation of Baz(PO,), nanocrystalline mate-
rials is as follows:

(NH,),HPO, —“° > NH, + H,PO,

H;PO, + H,O — H;0" + H,PO,~

H,PO,” + H,0 — H;0" + HPO,*~

HPO,>” + H,0 — H;0" + PO,*~ (1)
Ba(NO,), + 2NaOH —22 Ba(OH), + 2NaNO, 2)
3Ba(OH), +2PO,”” ——Ba,(PO,), + 6H,0 3)

Initially, (NH,),HPO, in water gives phosphoric acid (H;PO,)
which is a triprotic acid. Then, PO,*” ions were obtained
from the three-step ionization process of H;PO, (eqn (1)).
These PO,”” ions further reacted with Ba(OH), (eqn (2)),
resulting in the formation of Ba;(PO,), as shown in eqn (3).

Characterization

The as-prepared samples were analyzed by using a field-
emission scanning electron microscope (FE-SEM: LEO SUPRA
55, Carl Zeiss), a transmission electron microscope (TEM:
JEM-2100F, JEOL), an X-ray diffractometer (XRD: Mac Science,
M18XHF-SRA), and a Fourier transform infrared (FTIR)
spectroscopy system. Also, room-temperature PL and CL mea-
surements were carried out by using a spectrofluorometer
(QM-4/2005SE, PTI) equipped with a xenon arc lamp and a
Gatan (UK) MonoCL3 system attached to an SEM (Hitachi
S-4300 SE), respectively.

Results and discussion

The schematic diagram for the formation of hierarchical
Baz(PO,), architectures shown in Fig. 1. Fig. 2(a) shows
the XRD patterns of the Ba;(PO,), samples prepared at differ-
ent reaction times of 2, 4, 6, and 8 h. The XRD patterns
clearly confirmed the phase formation of Baz(PO,), as a func-
tion of reaction time. When the reaction time was set at 2 h,
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Fig. 1 Schematic diagram of the growth of flower-like Ba3(POj,), hier-
archical architectures.
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Fig. 2 (a) XRD patterns of the flower-like Baz(PO,4), samples prepared
at different reaction times of 2, 4, 6, and 8 h along with JCPDS card
values and (b) XRD patterns of the Baz(PO,4), samples with and without
doping of 6 mol% Eu** ions along with the JCPDS card value.
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the XRD pattern revealed the peaks related to Bas(PO,),, but
their intensities were very low. Eventually, as the reaction
time increased, the intensity of the peaks related to the pure
phase of Baz(PO,), started to increase and that of the other
peaks decreased. This can be seen by observing the peaks rep-
resented in the box with dotted line borders in Fig. 2(a). The
intensity of the peaks around 28° gradually increased with
the increase of reaction time, and that of the peaks around
29° decreased and it finally disappeared when the reaction
time reached 8 h. At 8 h of reaction time, a pure phase of the
compound was formed without any impurity peaks. The XRD
patterns of the as-prepared Ba;(PO,), sample and the sample
activated with 6 mol% Eu*" ions are shown in Fig. 2(b). From
the XRD patterns, it can be observed that the materials were
crystallized in rhombohedral phase with the space group R3m
and all the peaks matched well with JCPDS #25-0028.

The functional groups present in the compound were ana-
lyzed by FTIR spectroscopy of the Bas(PO,), samples with
and without doping of 6 mol% Eu®" ions, as shown in Fig. 3.
The bands at 1092, 992 and 927 cm™* are related to the P-O
stretching vibrations (v; and v;) in PO,*". The bending vibra-
tions (v,) of O-P-O are present at 556 cm™*.>">> The presence
of CTAB is confirmed by the bands at 2918, 2850, 1408, and
1384 cm™".** The band at 2918 cm™ corresponds to the CH,
anti-symmetric stretching vibrations and the band at 2850
em™ is related to the symmetric stretching vibrations.>* The
CH; symmetric and anti-symmetric deformation bands are
indexed to 1408 and 1384 cm ™", respectively.>® A strong broad
band at 3435 cm™" and a weak broad band at 1634 cm ™" are
due to the O-H.>® The O-H bands are related to the water
molecules present in the compound and moisture absorbed
from the atmosphere.

The morphology and crystallinity of the Bas(PO,), samples
prepared via a facile wet chemical precipitation method were
characterized from the SEM and TEM images. Fig. 4 shows
the SEM images of the flower-like morphologies formed by

Ba,(PO,),: 6Eu3*

Ba,(PO,),

Transmittance (%)
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Fig. 3 FTIR spectra of the Baz(PO,4), samples with and without doping
of 6 mol% Eu*®* ions.
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Fig. 4 SEM images of the Bas3(PO,), samples prepared at different
reaction times of (a) 2 h, (b) 4 h, (c) 6 h, and (d) 8 h.

interconnection of petal-like nanoplatelets. The formation of
these flower-like structures was studied in detail by repeating
the experiment at different reaction times of 2, 4, 6, and 8 h.
The SEM images at 2 h of reaction time showed the forma-
tion of rod-shaped nanoparticles. These nanoparticles aggre-
gated spontaneously to form clusters with microsizes due to
their high surface energy. The microspheres become the core
of the flower-like morphology. Subsequently, when the reac-
tion time reached 4 h, the nanoparticles coalesced together
to form flower petal-like structures with thicknesses of
approximately 60-80 nm (Fig. 4(b)) due to Ostwald ripening.
After 6 h, the flower-like structures were seen more clearly,
but there also remained a lot of nanoparticles, as can be seen
in Fig. 4(c). As the reaction time increased to 8 h, the forma-
tion of well-defined flower-like 3D nanostructures which are
composed of nanopetals was observed. The SEM images at
the prolonged reaction times of 10, 12, and 14 h were also
obtained as shown in Fig. 5. From the SEM images, it is clear
that there is very little/no change in the morphology of the
obtained products. Thus, the reaction time of 8 h was taken
as an optimum value.

The TEM images of the Bas(PO,), sample grown at a reac-
tion time of 8 h are shown in Fig. 6. Fig. 6(a) shows the TEM
image of a single flower-like 3D Bas(PO,), structure formed
with the assembly of nanopetals. The TEM image of a single

CrystEngComm, 2015, 17, 4647-4653 | 4649
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Fig. 5 SEM images of the Baz(PO,), samples prepared at different reaction times of (a) 10 h, (b) 12 h, and (c) 14 h.

petal obtained after sonication for few minutes is shown in
Fig. 6(b). As shown in Fig. 6(c) and (d), the high-resolution
TEM (HRTEM) image and the SAED pattern confirm the crys-
tallinity of the Ba;(PO,), sample, respectively. The HRTEM
image exhibited a clear lattice fringe with a d-spacing of
2.801 A, which matches with the JCPDS card value. The SAED
image showed a clear dot pattern, confirming the single crys-
talline nature of the sample. The TEM image and energy-
dispersive X-ray analysis (EDAX) pattern of a single Baz(PO,),
nanopetal are shown in Fig. 7(a) and (b), respectively. From
the EDAX pattern, it can be observed that all the elements in
the compound appeared. There existed some elements like
Cu and C which are from the grid used for taking TEM
images. Fig. 7(c-e) shows the elemental mappings of the sin-
gle Ba;(PO,), nanopetal. The combined elemental mapping
of Ba, P and O is presented in Fig. 7(f). The EDAX pattern
and elemental mappings also confirm the formation of this
compound.

Additionally, the luminescence properties of the flower-like
Baz(PO,4), sample doped with Eu®" ions were investigated.

3

Fig. 6 TEM images of (a) a single flower-like 3D Baz(PO,), structure
and (b) its single petal, and (c) HRTEM image and (d) SAED pattern of
the single Baz(POy);, petal.
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Fig. 8(a) shows the PL excitation (PLE) spectrum of the
Bas(PO,), sample activated with 6 mol% Eu®* ions (ie.,
Ba;(PO,),:6Eu®") observed at an emission wavelength of 615
nm. The spectrum consists of a broad band in the shorter
wavelength region called the charge transfer band (CTB) and
sharp f-f transition bands of Eu®*" ions in the longer wave-
length region. The CTB is due to the charge transfer between
the completely filled 2p orbitals of O®>" ions and partially
filled 4f orbitals of Eu®* ions. Among the sharp f-f intra-
configurational transition peaks of Eu*" ions, the peak at 393
nm is of the highest intensity and this wavelength is used to
observe the emission spectrum. The sharp peaks in the lon-
ger wavelength region at 317, 360, 375, 381, 393, 414, and
464 nm were assigned to the transition from the “F, ground
state to the Hj, °Dy, °G,, °Gg, °Le, °D3, and *D, excited states,
respectively.

The PL emission spectrum of the
Ba;(PO,),:6Eu®" sample observed at an excitation wavelength
of 393 nm is shown in Fig. 8(b). The spectrum consists of
peaks in the wavelength range of 575-725 nm due to the
emission transition from the *D, excited state to the ground
states of "Fo, 'Fy, 'F,, 'F3, and “F,.”” The emission peak at
615 nm was of the highest intensity, corresponding to the
hypersensitive electric dipole transition of Eu** ions in the
non-inversion symmetry site. The magnetic dipole transition
peak at 592 nm due to the occupancy of Eu*" ions in the
inversion symmetry site was of lower intensity than the peak
at 615 nm and is less sensitive to the surrounding environ-
ment. The PL emission spectrum of Eu®*" ions-doped
Ba(PO,), also showed blue emission upon excitation at a
wavelength of 324 nm in the lower wavelength region due to
the reduction of Eu®*" to Eu** ions.>® The emission spectrum
of Eu** ions is shown in Fig. 8(c) and the corresponding exci-
tation spectrum is shown in the inset of Fig. 8(c). This spec-
trum shows the f-d emission band in the wavelength range
of 400-450 nm. The reduction of europium from its trivalent
state to the divalent state in this host material is caused by
the following reasons. The tetrahedral PO,*” anions present
in this host matrix facilitate the stabilization of Eu** ions.
Usually, two Eu®* ions substitute for three Ba** ions to keep

flower-like

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 (a) TEM image, (b) EDAX pattern, (c-e) elemental mappings, and (f) combined elemental mapping of a single Baz(PO,), petal.
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Fig. 8 (a) PLE and (b) PL emission spectra of the flower-like Bas(PO4)»:6Eu®* phosphor. (c) PL emission spectrum of Eu?* ions with an inset show-
ing the excitation spectrum. (d) PL emission intensity as a function of Eu®* ion concentration.
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the electroneutrality of the compound. Thus, one negative
Ba®* vacancy and two positive defects of europium are
formed. The electrons on the vacancies would be transferred
to the Eu®" ions and reduced to its divalent (i.e., Eu*") state.*
The PL emission intensity of the flower-like Bas(PO,)y:Eu®*
samples as a function of Eu*" ion concentration is shown in
Fig. 8(d). The highest PL emission intensity was obtained at 6
mol% Eu** ion concentration.

The CL emission spectrum of the flower-like Ba(PO,),:6Eu®*
sample taken at 10 kV of accelerating voltage and 55 pA of
filament current is shown in Fig. 9(a). The CL spectrum is
similar to the PL spectrum, indicating no distinct difference.
The CL emission intensities taken at different accelerating
voltages with a constant filament current of 55 pA and at dif-
ferent filament currents with a constant accelerating voltage
of 10 kv are shown in Fig. 9(b) and (c), respectively. As the

4652 | CrysttngComm, 2015, 17, 4647-4653
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Fig. 10 (a) Decay curve of the flower-like Bas(PO4)»:Eu** phosphor
observed at 615 nm of emission wavelength and 393 nm of excitation
wavelength and (b) CIE chromaticity coordinates from the PL and CL
emission spectra.

accelerating voltage or filament current increased, the emis-
sion intensity increased due to the larger electron beam cur-
rent density and deeper penetration of electrons into the
sample. The deeper penetration of electrons gives more room
for the generation of plasma by heavy recombination of exci-
ton (electron-hole) pairs, which results in the excitation of a
large amount of europium ions from the surface or boundary
including the deeper region of the particles.*® The electron
penetration depth is proportional to the accelerating voltage
based on the equation:*"*?

L=asol A £ o 12
p Nz 1-0.29InZ

where A is the atomic weight of the material, p is the bulk
density, Z is the number of electrons per molecule, and E is

This journal is © The Royal Society of Chemistry 2015
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the accelerating voltage. Therefore, with increasing accelerat-
ing voltage, the electron penetration depth increased linearly
up to 10 kV as shown in Fig. 9(b).

The decay curve of the Baz(PO,),:6Eu®" sample observed at
615 nm of emission wavelength and 393 nm of excitation
wavelength is shown in Fig. 10(a). The calculated lifetime is
found to be ~15 ps. The Commission Internationale de
I'Eclairage (CIE) chromaticity coordinates calculated from the
PL and CL emission spectra are shown in Fig. 10(b). The
wavelength range of 500-700 nm is taken to calculate the CIE
values. The two values are almost similar and found in the
reddish-orange region.

Conclusion

In summary, flower-like hierarchical 3D Bas(PO,), architec-
tures were synthesized by a facile wet chemical technique.
The flowers were formed with the assembly of nanoplates
with thicknesses of a few tens of nanometers. The XRD pat-
terns confirmed the single crystal structure with a rhombo-
hedral phase. The Eu®*" ions-activated flower-like Bas(PO,),
phosphors showed red emission when excited at near-UV
wavelengths. These phosphors also showed blue emission in
the lower wavelength region due to the reduction of Eu*" to
Eu®" ions in the host lattice. The aliovalent replacement
between Eu** and Ba®>" ions which results in electronegative
defects and the rigid PO, tetrahedral anion are responsible
for the reduction of Eu*" to Eu®" ions.
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