JOURNAL OF OPTOELECTRONICS AND ADVANCED MATERIALS

Vol. 27, Iss. 1-2, January - February 2025, p. 22 - 27

Preparation and luminescence properties of Pb>* and
Mn?** co-doped Zn,SiO4 based on mesoporous silica
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Pb?* and Mn?* co-doped Zn2SiO4 phosphors were prepared by hydrothermal treatment using mesoporous silica as template
and silicon source. The reaction temperature is reduced due to the mesoporous structure of mesoporous silica, and the large
specific surface area of mesoporous silica is in favor of the uniform doping of ions. The effect of Pb?* on the structure and
morphology of Zn2SiO4:Mn?* was investigated through various analytical techniques. Excitation and emission spectrum
analysis reveals that the increased luminous intensity of Mn2* ions is detected by ion co-doping, which is caused by energy

transfer from the Pb2* ion to the Mn2* ion.
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1. Introduction

Inorganic phosphors have received a lot of interest due
to their high luminescence efficiency, strong chemical and
thermal stabilities, and widespread application in the field
of light emitting devices. The study of rare-earth or
transition metal (TM) ions co-doped host matrix is a
potential field for further investigation. The primary lattice
luminescence characteristics may be greatly influenced by
dopant interaction, which offers an opportunity to develop
novel luminescence materials [1]. Recently, Zn,SiO4 has
aroused researchers' interest as a key matrix material for
rare earth and TM ions. Because of high luminescence
efficiency and outstanding chemical and thermal stabilities,
Zn»Si04 has been widely employed as a host material in the
field of phosphors for light emitting devices [2,3]. When
Zn,Si04 doped with some specific TM ions such as Mn?",
Co?" and so on, green and blue light can be emitted,
respectively  [4,5]. Among these known inorganic
phosphors, manganese-doped zinc silicate (Zn,SiOs:Mn?")
is a highly efficient green phosphor that is widely used in
opto-electronic devices [6-8]. Traditionally, Zn,SiOs:Mn?"
phosphors are prepared by solid-state reaction method with
the calcination temperature above 1300 °C [4,8]. However,
this approach encounters the unpredictable distribution of
doping ions, high calcination temperatures, prolonged
reaction times and the aggregation phosphor particles,
which deteriorate the luminescent properties of the
phosphors. In addition, other techniques have also been
developed, including sol-gel synthesis, which is a solution-
based synthesis approach [6], and sol-gel method combined
with furnace firing [9]. Nevertheless, because the sol-gel

process's precursor solution reactions are carried out at low
reaction temperatures (~75-80 °C), resulting in products
with high crystallinity and nanometer-sized particles. In our
previous work, Ba?* and Mn?" co-doped Zn,SiOs4 was
obtained by mesoporous template route at a hydrothermal
temperature of 250 °C which is lower than the temperature
of 360 °C reported by Yoon [10]. This route exhibits a
significant advantage of much lower reaction temperature.
In this case, the green emission intensity can be effectively
tuned with the Ba?" doping concentration [11].

The optical properties of Pb>" have been studied as an
activator or in the host matrix. The luminescence properties
of the Pb?* ion with 6s? configuration are attributed to the
ground state 'Sy and two excited states of singlet 'P; and
triplet *Po,1 > [12-14]. The optical and electronic properties
of Pb?" compounds have recently been explored in various
applications, such as Pb?"-based perovskite [15], white-
light emitting material [16], and luminescent sensing [17].
Recently, ZnB,O4 doped with Pb?*" has been shown to
exhibit suppressed concentration quenching phenomenon
[14]. Based on this finding, it would be interesting to
explore the luminescence properties of Mn?*, Pb?" co-doped
Zn,S104 prepared through mesoporous template route with
hydrothermal method, which might provide new
luminescent materials having potential applications in
optical devices.

In this study, Pb*, Mn?" co-doped Zn,SiOs4
luminescent materials were prepared by hydrothermal
method and employing mesoporous silica as a template and
silicon source. As far as we know, there has no report on
Pb%*, Mn?* co-doped Zn>SiOs prepared by the hydrothermal
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method. The structural, morphology and optical
photoluminescence (PL) of Pb** and Mn?" co-doped
Zn,Si04 phosphors have been investigated. This approach
provides an advantage over alternative strategies in
achieving the low temperature preparation and uniform
doping of ions.

2. Experimental
2.1. Preparation process

For the preparation of Znj.sxPbiMngosSiO4
(0.04<x<0.10), zinc nitrate hexahydrate, manganese acetate
tetrahydrate and lead nitrate with stoichiometric ratio were
dissolved in deionized water and stirred at room
temperature. Then a certain amount of mesoporous silica
was added into the above solution and continually stirred
until completely dispersed. After that, 1.33 M of NaOH
solution was added and the pH value of the solution was
kept at 10. The suspension was further stirred vigorously for
about 1 h, transferred to an autoclave and hydrothermally
treated at 250 °C for 20 h. Finally, the product was separated
from the solution by centrifugation, washed with deionized
water to neutral and dried at 60°C to obtain a white
powdered sample.

2.2. Analytical characterization

XRD patterns were recorded by using a PANalytical
Empyrean X-ray diffractometer with Cu Ka radiation under
a §-20 scanning mode at 40 kV and 40 mA. The morphology
and microstructure were analyzed using a Magellan 400
field emission SEM at 5.00 kV and a JEM-2200 FS field

emission TEM at 200 kV, respectively. PL spectra were
recorded on a Hitachi F-7000 spectrophotometer.

3. Results and discussion
3.1. XRD analysis

The XRD patterns of Pb?>" and Mn?" co-doped Zn,SiO4
with different Pb?* doping concentrations are displayed in
Fig. 1. All the samples show similar diffraction patterns and
the peaks can be attributed to the diffractions of the pure
willemite Zn,SiO4 [18]. The sharp and intense diffraction
peaks indicate that all the samples have high crystallinity.
Because of the relatively low doping and the homogeneous
mixing of the pre-synthesized solution using mesoporous
silica as silicon source, no characteristic peaks of impurity
phase have been detected even at a high doping level of
x=0.1, suggesting that the Pb>" and Mn?" can be completely
dissolved into Zn,SiO4 host lattice by substitution for Zn?"
[18]. In our current study, the hydrothermal procedure is
facile to obtain pure phases of Zn,SiOs with high
homogeneity and crystallinity. The hydrothermal synthesis
temperature is 250 °C, which is lower than that reported
value for the hydrothermal synthesis of Mn-doped Zn,SiO4
in rods at 280 °C [19] and considerably greatly lower than
the solid-state reaction temperature of 1300 °C [4,8]. This
is owing to the porous structure and large specific surface
area of mesoporous silica, which leads to a significant
increase in reaction active sites and reactant interfaces,
facilitating homogenous ion doping.
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Fig. 1. Wide-angle XRD patterns of Zn1.94:PbxMn.0sSiO+ with different Pb’* concentrations (colour online)
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3.2. Morphology, microstructure and energy
spectrum analysis

The size, morphology and microstructure of the
samples were investigated using SEM and TEM. Fig. 2a
shows the SEM images of Znj.90Pbo.0sMno 065104 samples
with different resolutions. The samples have nanorod shape
and show a smooth surface with a hierarchical structure.
This suggests that the sample retains the morphological
properties of the mesoporous silica [20]. The samples show
an average length up to 600 nm and a mean diameter around
30 nm, showing a length/diameter ratio of approximately 20
(Fig. 2b). The microstructure of the Zni.90Pbo.04Mno.06Si04
was measured by TEM, as shown in Fig. 2c, the images

show a bundle-like structure, and side-by-side rods were
aligned along the channel direction of the mesoporous silica,
which is consistent with the SEM observations. According
to energy dispersive spectroscopy (EDS) (Fig. 2d), all
content related elements namely Zn, O, Si and dopants Mn,
Pb were evidently detected at the chosen positions in SEM
images. The existence of the carbon (C) and copper (Cu)
peak is due to the supporting carbon film and copper
network, respectively. The results demonstrated the doping
of Pb?" into the Zn,SiO4 lattice to form pure Pb>" and Mn?*
co-doped Zn»SiOs.
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Fig. 2. (a-b) SEM micrographs of Zn1.90Pbo.0sMn.06SiO4, (c) TEM images of Zn1.90Pbo.osMno.0sSiO4and (f) EDS spectra

3.3. Excitation and emission spectroscopy analysis

Fig. 3 shows the excitation spectra of Znjos-
PbMng06Si04 with various Pb*" concentrations, which
was recorded with an emission wavelength of 520 nm. For
the co-doped sample, the excitation peaks show similar
characteristics of a broad excitation band at 235 nm with
various concentrations of Pb?* ions. By comparing the
shapes of the curves in the graphs, it is clearly observed that

the excitation spectra of the co-doped sample is almost the
same as that of the Mn?" doped sample. However, the
luminescence intensities change with increasing the
concentration of Pb** in Zn,SiOs. The luminescence
intensity of the doped sample with a Pb?>" ion doping
concentration of 0.04 is the highest in all the doped samples.
This may be due to the introduction of the energy levels in
the forbidden band, which coincides with the Pb?" doping,
causing Mn?* ion dipole e to t, jumps [21]. The excitation
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spectra of the samples are strongly correlated with their
energy band gaps. It also shows that the band gap of Mn?*-
doped Zn,SiOs has been significantly altered by Pb*" ions.

As aresult, it exhibits very distinct luminescence properties
in the presence of the Pb?" ion.
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Fig. 3. Excitation spectra of Zn1.94-xPbxMno.0sSiO4 with various Pb>* ion concentrations (colour online)

The emission spectra and intensity variation with
various doping concentrations is shown in Fig. 4, the
excitation wavelength is 235 nm. The brightness of the
emission from the phosphor particles is highly dependent
on the Pb?* doping concentration. Moreover, the positions
of the emission peaks do not change at a fixed excitation
wavelength. It can be seen from Fig. 4a, the emission peak
of Mn-doped Zn,SiO4 phosphors has no change when the
Pb?" is co-doped. A single broad emission peak at 520 nm
is obtained when excitation wavelength located at 235 nm,
which is due to the electronic jump of the manganese ion
from “T1(4G) to °A1(4G) in Zn,SiO4. This result is in
agreement with previous reported results [22-24]. In Mn?*-
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doped Zn,Si04, the radius of the Mn?* ion (0.80 A) and Zn?*
(0.74 A) is very similar and the Mn?" ions take the place of
the Zn?*" ions and act as the luminescence centers [23].
Meanwhile, the radius of the Pb?" ion is 1.20 A, which is
much larger than the radius of the Zn?*" and Mn?* ions,
making it is difficult for the Pb?" ion to take the place of the
Zn*" ion in the lattice. Thus, most of the Pb*" ions are
assumed to be interstitial ions in Zn,SiO4:Mn?*, Pb>*. The
dependence of the emission intensity on the Pb*" doping
concentration is shown in Fig. 4b.
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Fig. 4. (a) Emission spectra of Zni.94--PbxMno.0sSiO« with various Pb** ion concentrations (b) dependence of the emission intensity
on the Pb’* doping concentration (colour online)
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The higher the Pb?" ion concentration, the more
significant the fluorescence intensity is exhibited. When the
Pb?" ion concentration is 0.4 corresponding to the highest
luminescence intensity. This suggests that there is a non-
radiative Pb>"-Mn?" energy transfer [21]. The luminescence
intensity of the Mn?" ion is increased at the expense of the
luminescence quenching of the Pb?* ion. After that, the
higher the Pb?" concentration, the emission intensity of
peaks has greatly decreased due to energy migration to the
neighboring Pb?* ion in the system (Pb-Pb), which is
attributed to the concentration quenching of the pb2".

3.4. Luminescence mechanism analysis

The luminescent mechanism of Pb*", Mn?" co-doped
Zn,Si04 can be described as follows: the Zn,SiO4 matrix
absorbs photons, leading to the excitation of electrons from
the valence band to the conduction band, where they
become trapped by defects. The recombination process
involves both defect states and excited states of the Mn?*
and Pb?' ions, resulting in observable visible emissions.
During this luminescent process, the Pb?" ion is initially
excited; subsequently, energy transfer occurs from Pb?" to
Mn?". Following this transfer, various excited states of the
Mn?" ion decay radiatively back to its ground state (6S°).
Consequently, the emission spectrum depicted in Fig. 4a
can be attributed to the d-d transition of the Mn?" ion.

4. Conclusion

In summary, Mn?" and Pb** co-doped Zn,SiO4 have
been successfully prepared using mesoporous silica SBA-
15 as an active template and silicon source. The effect of
different Pb>" percentage doping on physical, structural,
optical and luminescent performance have been studied in
detail. The structural characterization verifies the
crystalline phases of Znj 94xPbxMng 065104 (0.04<x<0.10)
can be attributed to the diffractions of the pure willemite
Zn,Si0s4. The emission peak originates from the d-d jump
of the Mn?" ion and the luminescent properties show a
dependence on the concentration of the Pb?" ion. In all of
the co-doped samples, the Pb?* ion concentration of 0.4
corresponds to the highest luminescent intensity. The higher
the Pb?>" concentration, the greater the fluorescence
quenching. It is expected that this strategy can be applied to
fabricate other luminescence materials.
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