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Synthesis and optical properties of zinc phosphate microspheres
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Abstract: Monodisperse zinc phosphate microspheres were synthesized by a facile solvothermal method in the presence of oleic acid.
X-ray powder diffraction (XRD), Fourier transform infrared spectrum (FT-IR), emission scanning electron microscopy (SEM), and
energy dispersive X-ray spectrum (EDX) were used to characterize the microstructures and morphologies of the as-obtained zinc
phosphate samples. The experimental results indicate that the zinc phosphate products are well crystallized, and the morphologies of
the samples can be easily controlled by the elaborate choice of oleic acid addition and the content of NaOH. Furthermore,
self-activated luminescent properties of the products are observed. The as-obtained samples show an intense blue emission under a
long-wavelength UV light excitation of 400 nm. The possible luminescent mechanism may be ascribed to the carbon-related surface

impurities or defects.
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1 Introduction

In the past decades, the synthesis of nano- and
micro-crystals with controllable morphology and
architecture has attracted much attention in material
chemistry, because it is well-known that the properties of
the materials closely interrelate with their geometrical
factors such as the size, shape, and dimensionality [1].
The introduction of surfactants in the synthesis process
has been proven to be an efficient and promising way to
control the shape and morphology of the materials. The
surfactant not only provides favorable site for the growth
of the particulate assemblies, but also influences the
formation progress, including the nucleation, growth and
coagulation. Recently, many materials have been used as
surfactants including cetyltrimethyl ammonium bromide
(CTAB) [2], polyvinylpyrrolidone (PVP) [3] and oleic
acid [4,5].

Inorganic luminescent materials have been widely
used in fluorescent lamps, light emitting displays,
cathode-ray tubes and white light emiting diodes (LEDs)
[6-8]. Among the family of inorganic luminescent
compounds, zinc phosphate (Zn;(POy),) is one kind of
commonly used luminescent host material. For example,
zinc phosphate powders doped with Mn*" are efficient

red long-lasting phosphorescent materials [9,10]. Silver
zinc phosphates exhibit luminescence properties in the
visible spectral range [11]. Zinc phosphate doped or
co-doped with rare earth metal such as Eu’" [12-14],
Tb*" [15] and Tm®" [16] shows excellent luminescent
properties. However, most of them are doped with
luminescent centers and excited by short-wavelength
ultraviolet (UV) light for the operation. The luminescent
centers such as rare earth elements (RE) or silver are
typically expensive. In addition, the use of mercury
vapor plasma for the production of the short-wavelength
UV will cause environmental contamination [17,18].
Therefore, much effort has been devoted to exploring
self-activated luminescent materials that do not contain
expensive elements or can be excited by
long-wavelength UV light. Up to now, only a few
examples have been reported about the self-activated
luminescent inorganic materials including SrCOs;
[17,19], SiO, [20], NaMgF; [21] and Y,0; [22].
However, to the best of our knowledge, there is no report
about the self-activated luminescent zinc phosphate.
Herein, monodisperse zinc phosphate microspheres
were synthesized by a facile solvothermal method. The
influences of the synthetic parameters on the
morphologies of the final products were investigated.
Moreover, the photoluminescent properties of zinc
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phosphate were also studied, which revealed a novel
self-activated luminescent phenomenon.

2 Experimental

2.1 Materials and preparation

All chemicals were analytically pure and were used
without further purification. In a typical procedure, oleic
acid (3.5 mL), ethanol (15 mL) and a certain amount of
sodium hydroxide (NaOH) were mixed together. And 8
mL Zn(NOj), (1.875 mmol/L) and 8 mL (NH,4),HPO,
(1.25 mmol/L) aqueous solution were added to the above
solution in sequence under vigorous stirring. Then, the
solution was transferred into a 50 mL stainless-steel
autoclave, sealed and treated at 180 °C for 24 h. After
cooling to room temperature naturally, the products were
obtained by centrifugation, washed with deionized water
and absolute alcohol in order, and then dried at 60 °C for
24 h.

2.2 Characterization

X-ray powder diffraction (XRD) test was performed
on a D/MAX-RB diffractometer (Rigaku, Japan) with
Cu K, source (4=0.15405 nm) in the 26 range from 10°
to 70°. The Fourier transform infrared (FT-IR) spectrum
was obtained on an NEXUS 670 infrared
spectrophotometer (Thermo Nicolet, US) with KBr
tablets. The morphology was observed via a Quanta 450
emission scanning electron microscope (SEM) (FEIL, US)
and imaged without carbon sputtering. The energy
dispersive X-ray spectrum (EDX) was measured with an
XFlash 5010 detector (Bruker, Germany). The
photoluminescence (PL) emission and excitation spectra
were measured on an F—4500 fluorescence spectro-
photometer (Hitachi, Japan) equipped with a 150 W
xenon lamp as the excitation source. The decay curve
was recorded with the Edinburgh analytical instruments
F-900 (Edinburgh Instruments Ltd., UK). All the
measurements were performed at room temperature.

3 Results and discussion

3.1 XRD and FT-IR analysis
In order to identify the phase composition of the

products, X-ray diffraction (XRD) was employed (Fig. 1).

The strong and narrow peaks indicate that the
as-prepared samples are well-crystallized in spite of the
moderate reaction condition. All the diffraction peaks of
the sample coincide well with the standard data of zinc
phosphate hydrate (Zn;(PO,4),-xH,0, x=2, 4) (JCPDS
33-1474, 37-0316 and 37—0465). No other phases can
be detected in the XRD pattern, indicating that zinc
phosphate crystals have been obtained by this method.
There are several zinc phosphate hydrates coexisting

in the as-obtained samples, similar to that reported in
Ref. [23].
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Fig. 1 XRD pattern of as-prepared zinc phosphate microspheres

Figure 2 illustrates the FT-IR spectrum of the
as-obtained samples. A set of characteristic peaks at 1092,
1025, 636, 606, 556 and 510 cm ! are attributed to the
complex stretching and bending vibrations of the PO?{
group. The peak at 1640 cm ™' and a broad band centered
at about 3422 cm ' are assigned to —OH bending and
stretching vibration, respectively. The additional peaks at
2969, 2924, and 2846 cm ! are ascribed to the symmetric
and antisymmetric stretch vibration of the —CH, group,
indicating the existence of the organics within the
particles even if they have been washed by deionized
water and alcohol. The band of C=0 at 1710 cm ™' of
the nonionized carboxyl group of the pure oleic acid
disappears [24], but a new band appears at 1445 cm ',
which corresponds to the coordination of COO with
Zn*" [21,25]. So it can be concluded that a certain level
of carbon-related impurities exist in the zinc phosphate
products [26,27].
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Fig. 2 FT-IR spectrum of zinc phosphate microspheres

3.2 Influences of different reaction parameters on
morphology of zinc phosphate samples
Different reaction parameters were selected to
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investigate the morphology and understand the growth
process of zinc phosphate products. Scanning electron
microscopy (SEM) was wused to determine the
morphology of the as-prepared samples.
3.2.1 Effect of oleic acid on morphology

A control experiment was carried out in the absence
of oleic acid with other parameters constant. The typical
SEM images of the samples synthesized without and
with oleic acid are presented in Fig. 3. In the absence of
oleic acid, the morphologies of the as-prepared samples
are amorphous agglomerated nanoparticles (Fig. 3(a)).
While with oleic acid, the products are almost entirely
composed of microspheres with perfect monodispersity
(Fig. 3(b)). This demonstrates that oleic acid plays an
important role in the formation of sphere-shaped zinc
phosphate products. Oleic acid, as a surfactant with a
long alkyl chain, can be adsorbed on the crystal surfaces
of the products and act as an efficient capping reagent to
control the growth of the products. Some studies have
been reported for the high performance of oleic acid in
producing inorganic materials with well-controlled
morphology such as spike-liked CaCO; [28], colloidal
orthovanadate nanocrystals [29] and monodisperse iron
oxide [30].

Fig. 3 SEM images of as-obtained zinc phosphate products
synthesized with 0.30 g NaOH: (a) Without oleic acid; (b) With
oleic acid

3.2.2 Effect of NaOH addition

Figure 4 illustrates SEM images of the as-prepared
samples with different contents of NaOH from 0.20 to
0.45 g with other parameters constant. When the content
of NaOH is 0.20 g, the as-prepared samples are
agglomerations consisting of irregular sphere and
amorphous particles (Fig. 4(a)). By increasing the NaOH
addition to 0.25 g, the agglomerations change into small
pieces and some spherical particles appear (Fig. 4(b)).
When the content of NaOH reaches 0.30 g, the
as-prepared samples are monodisperse microspheres with
uniform size in the range of 3—5 pum (Fig. 4(c)). The
EDX spectrum (Fig. 4(d)) of zinc phosphate shows the
presence of Zn, P, O and C. The similar situation holds
for other samples. The detected carbon (also observed in
the FT-IR spectrum) indicates that some carbon
impurities have been induced into the host lattices and/or
the surface. Further increasing the NaOH content to 0.40
g, there are no further changes in the sphere-shape, but
the size increases to about 5—8 pum (inset in Fig. 4(e)).
When the content of NaOH increases to 0.45 g
(Fig. 4(f)), the spheres become deformed and some of
them are broken. These results indicate that NaOH also
has an obvious effect on the formation of the
sphere-shaped particles.

In the synthesis process, liquid-solid-solution (LSS)
strategy was employed, which designs the chemical
reaction taking place at the interfaces of different phases
[31]. Firstly, in the experiment, oleic acid, NaOH and
ethanol were put together to form two phases including
the liquid phase of the excess oleic acid and ethanol, and
the solid phase of sodium oleate [29,30]. Then, Zn(NO;),
solution was added into the above mixture, in which a
third phase formed (the solution phase). When the
mixture was stirred intensely, a phase transfer process of
Zn*" ions occurred spontaneously across the interface of
the sodium oleate and the water/ethanol solution based
on ion exchange, which led to the formation of
(RCOO0),Zn*". Finally, POf{ ions were added into this
system, and in the solution phase PO} reacted with
some of Zn*" ions to form zinc phosphate nuclei. The
zinc phosphate nuclei were capped by oleic acid on the
surface because of the intense interaction between Zn**
and the polar groups from oleic acid. In this process,
NaOH was used to convert the oleic acid to sodium
oleate that was the main solid phase. Obviously, the
NaOH addition has an important effect on the content of
oleic acid in the reaction. Under the special condition,
the zinc phosphate nuclei would grow and self-assemble
to sphere shape. Based on the above analysis, a
schematic illustration showing the possible growth
process of the microspheres is given in Fig. 5.
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Fig. 4 SEM images of as-obtained samples prepared at different NaOH contents: (a) 0.20 g; (b) 0.25 g; () 0.30 g; () 0.40 g; (f) 0.45

g; (d) EDX spectrum of samples synthesized with 0.30 g NaOH
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Fig. 5 Tllustration for formation process of monodisperse zinc phosphate microspheres

3.3 Optical performance

The optical properties of the zinc phosphate
products were investigated at room temperature. Figure 6
shows the emission spectra of the zinc phosphate
samples with different morphologies by changing the
NaOH content. From Fig. 6, it can be seen that all the

as-prepared samples display a broad emission band, and
the shape and profile of the emission spectra vary little,
but the intensity changes remarkably. The sphere-shaped
samples prepared with 0.30 and 0.40 g NaOH have a
higher PL intensity than other samples. The reason might
be that the spherical morphology is of high packing
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densities and low scattering of light [18,32,33]. Taking
the sphere-shaped samples prepared with 0.30 g NaOH
as an example, the emission and excitation spectra are
shown in Fig. 7. The emission spectrum (solid line)
displays a strong broad band from 430 to 600 nm with a
maximum peak at 467 nm. The corresponding excitation
spectrum (dashed line) consists of a strong broad range
from 300 to 420 nm centered at 400 nm. The feature of
long-wavelength UV light excitation is seldom found in
the conventional zinc phosphate luminescent materials,
which are doped with luminescent centers and excited by
less than 400 nm UV light for operation. The
chromaticity coordinates (CIE) of the samples are
x=0.183, y=0.276, which locates in the blue region (inset
in Fig. 7).

Ae=400 nm

0.20 g NaOH

0.45 g NaOH

1 1 1 1 1
450 500 550 600 650 700
Wavelength/nm

Fig. 6 PL spectra of as-obtained samples prepared with
different contents of NaOH

=467 nm ERF
Aem=400 nm s

1 | | 1
200 300 400 500 600 700
Wavelength/nm

Fig. 7 PL excitation (dash line) and emission spectrum (solid
line) of as-obtained samples synthesized with 0.30 g NaOH
(Inset: CIE chromaticity diagram evaluated from emission
spectrum)

There are no any other activated ions introduced in
this synthesized process, so the observed luminescent
property from the zinc phosphate samples can be
ascribed to the self-activated luminescence. So far, there

is no report about the property of the self-activated
luminescent zinc phosphate phosphor. Considering the
FT-IR and EDX results, it can be concluded that a certain
level of carbon-related impurities or defects exist in the
products. The possible reason is that in the formation
process of zinc phosphate samples the adsorbed oleic
acid molecules can introduce some carbons to the
surfaces of the samples, which will cause some
impurities or defects in the crystals. Moreover, the broad
feature of emission band (shown in Figs. 6 and 7)
indicates that there are a large number of impurities or
defects in the products. Finally, the decay curve for the
luminescence of the zinc phosphate samples is shown in
Fig. 8, which gives the lifetimes of # (5.146 ns) and ¢,
(0.726 ns). The short lifetimes further prove that their
luminescence may originate from impurities or defects in
the zinc phosphate samples [18,25,34].

y Y=A+B, exp(-t/t,)+B, exp(-t/t;)
\\ A=0.808; B,=0.007; B,=0.068
. £,=5.146 ns; ,=0.726 ns

TR

10 15 20 25 30 35 40 45
Time/ns

0 5

Fig. 8 Decay curves for luminescence of zinc phosphate
samples prepared with 0.3 g NaOH

4 Conclusions

1) The synthesized zinc phosphate powders are
highly crystalline and well-dispersed spherical shapes
with uniform size in the range of 3—5 um.

2) Oleic acid is essential in the formation of the
monodisperse microspheres. The NaOH content has an
obvious impact on the morphology of zinc phosphate
products.

3) The samples show a novel self-activated
luminescent phenomenon, which exhibit a strong
emission peak at 467 nm under the long-wavelength UV
excitation. The possible luminescent mechanism may be
ascribed to carbon-related impurities or defects in the
samples.
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