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Abstract: Sheaf-like manganese-doped zinc silicate (Mn-doped Zn2SiO4) was successfully synthe-
sized without surfactant by hydrothermal route using manganese acetate, zinc nitrate, and sodium
silicate as precursors. The structure, morphology, and optical properties were well investigated by
various analytical techniques, such as X-ray diffraction (XRD), a scanning electron microscope (SEM),
a transmission electron microscope (TEM), and photoluminescence (PL). The results showed the
enhancement of crystallinity and an increase in the length of the as-prepared sample, which was
achieved by prolonging the hydrothermal time. Based on the analysis of the XRD pattern, it can be
stated that the sheaf-like Mn-doped Zn2SiO4 possesses a large lattice distortion compared to pure
Zn2SiO4. Moreover, it was observed that hydrothermal times played a crucial role in the PL property.
The PL peak intensity of samples located at 522 nm generally increased with the increase in reaction
time in the range of 12–48 h. However, when the treating time reached 72 h, the property of PL
decreased. The results of the PL spectra showed that Mn-doped Zn2SiO4 obtained by a hydrothermal
time of 48 h displayed an efficient luminescent performance. The key to the high PL property mainly
lies in the sheaf-like structure and large lattice distortion.

Keywords: sheaf-like structure; Mn doping; zinc silicate; photoluminescence

1. Introduction

The search for inorganic luminescent materials with earth-rich and low-cost elements
is important to promote their applications in optics and optoelectronics, biological, and
medical diagnostics [1–4]. According to their composition and chemical structure, the
luminescent materials include silicate [5], aluminate [6–8], sulfide [9], phosphate [10],
tungstate [11], molybdate [12], vanadate [13] and halide [14]. All of them have good, stable
physical and chemical properties and are considered to be very promising phosphors. Lu-
minescent materials of sulfide have gradually been phased out because of low brightness,
short afterglow, and poor chemical stability in the air. Compared to the series of sulfides,
aluminate materials have the advantages of high brightness, long afterglow, as well as
good color rendering. However, some obvious defects, such as poor moisture resistance
and single luminescent color, have significantly limited their applications. Phosphate
luminescent materials include strontium pyrophosphate, lanthanum phosphate, phosphate
halide, and a zinc phosphate system. Phosphate has excellent characteristics such as safety,
pollution-free, high stability, and especially good luminous properties in ultraviolet and
vacuum ultraviolet excitation. However, its luminous color is monotonous, it has poor
water resistance, and it decomposes in water, resulting in a reduced luminous performance.
In some cases, it completely loses its luminous performance, which limits its development
to a certain extent [15]. Compared with other matrix materials, molybdate luminescent

Inorganics 2023, 11, 407. https://doi.org/10.3390/inorganics11100407 https://www.mdpi.com/journal/inorganics

https://doi.org/10.3390/inorganics11100407
https://doi.org/10.3390/inorganics11100407
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://orcid.org/0000-0003-4446-3050
https://doi.org/10.3390/inorganics11100407
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com/article/10.3390/inorganics11100407?type=check_update&version=1


Inorganics 2023, 11, 407 2 of 13

materials have the advantages of high color purity, long fluorescence life, and low syn-
thesis temperature and have shown broad application prospects in lighting, temperature
sensing, biological imaging, and other fields. However, the temperature characteristics,
crystal field environment, and quantum efficiency stability of phosphors need to be further
explored [16]. The special structure of tungstate makes it highly doped with rare earth
ions. In order to find new solid luminescent materials, the luminescent materials based
on tungstate are becoming the research hotspot of solid lighting in the world. However,
the research on tungstate luminescent materials is still in its infancy, the system is not rich
enough, the luminescence mechanism is not clear enough, and the preparation method
cannot adapt to large-scale production, and these obstacles affecting the practical appli-
cation of tungstate luminescent materials need to be further explored [17]. Phosphors
based on vanadate have attracted much attention due to their low synthesis temperature,
stable chemical properties, and good thermal stability. It is good for a variety of flat panel
display information displays, human medical health, lighting sources, particle detection
and recording, optoelectronic devices, and agricultural, military, and other fields of support
materials [18]. Organic–inorganic metal halides (OIMHs) have become the focus of current
luminescence research due to their excellent luminescence properties. The advantages of
OIMHs are mainly reflected in their high luminous quantum efficiency (PLQY) and wide
spectrum emission. OIMH is a strong candidate for the realization of single-component
white light emitting LEDs, which can cover the entire visible light region with a single-
component emission spectrum through component regulation. At present, the strategies to
improve the PLQY of OIMH compounds are mainly through reducing the crystal struc-
ture dimension, doping the luminescence center ion, changing the distance between the
coordination polyhedral, and adjusting the structure through halogen substitution [19–21].
Among various materials, silicate-based composites have attracted increasing research
interests as potentially commercial luminescent materials owing to strong environmental
adaptability, reliable chemical inertness, excellent moisture resistance, high brightness, low
cost, and facile synthesis [22,23].

Zinc silicate (Zn2SiO4) is a very important luminescent material. Barthou, C. et al.
found that the optical properties of manganese-activated zinc silicate Zn2(1−x)Mn2xSiO4
are investigated using pulse selective photon excitation. The light response due to the
4T1g-6A1g transition is directly linked to the relative concentration of isolated Mn2+ and
Mn2+ pairs in this structure. The decay curves can be fitted by a diffusion-limited relaxation
mechanism by considering two types of centers with radiative lifetimes of T0 equal to 15
and 1.75 ms, respectively [24]. Zn2SiO4 has been applied in broad areas, covering phosphor
hosts, paints, as well as electronic insulators due to its excellent physical and chemical
properties [25–27]. In the field of luminescence, the doping of Zn2SiO4 via introducing
additional elements into the Zn2SiO4 framework plays a central role in modulating the
electronic, luminescent, and other physical performances. Mn-doped Zn2SiO4 as a green
phosphor has attracted much attention, owing primarily to its high luminescent efficiency
and chemical stability. A small amount of Mn2+ replaces Zn2+ to form a luminescent
center, and a green phosphor with high luminosity and good color purity can be obtained.
However, its afterglow time is long, and its afterglow time (t) is about 11.9 ms, which can
easily produce a picture lag effect in the display, limiting its application and development
in PDP. Recently, W-LED has been called the fourth-generation lighting source because
of its environmental protection, energy-saving capabilities, and high luminous efficiency.
As far as the current trend is concerned, the main technical way to produce white light is
still through phosphor conversion white LEDs. There are two main methods: the first is to
use a blue light chip to excite yellow phosphor; due to the lack of red light in the emission
spectrum and the lack of green light, the white light will cause the relative color temperature
to be high and the color rendering index to be low. Another method is to use ultraviolet
or near-ultraviolet chips to excite three primary color phosphors (red phosphors, green
phosphors, and blue phosphors), and the white light obtained by this method has a higher
color rendering index and good stability. However, at present, phosphors that can match
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near-ultraviolet light or ultraviolet light well and have high thermal stability and luminous
efficiency are still lacking. Therefore, it is of great theoretical and practical significance
to study and improve the properties of Zn2SiO4: Mn green luminescent materials from
the perspective of synthesis technology and doping modification [28–30]. Further, the
intensity of green emissions could be tuned by adding an Mn ion, which is beneficial to
broadening its application range in display and lighting, white-light-emitting diodes (W-
LED), fingerprint identification, information storage, and anti-counterfeit technology, and
using both photoluminescence and magnetic properties, there is the potential application
for W-LEDs in the fields of magneto-optical and spintronic device areas [27,31–34].

Over the past few years, strenuous efforts have been devoted to synthesizing Mn-doped
Zn2SiO4 through different synthesis routes, such as the solid-state reaction method [35],
sol–gel method [36], polymer precursor method [37], spray pyrolysis method [38], and
hydrothermal method [39]. Among these methods, hydrothermal processing has great
advantages, covering better metal ion distribution, lower costs, and controllable morphol-
ogy. It is well known that the structures, sizes, and morphologies of functional materials
can significantly influence their properties. Therefore, controlled morphologies, sizes, and
structures of the Zn2SiO4 matrix are an effective technique for advancing Zn2SiO4 phos-
phors with high luminescence efficiency. A variety of Zn2SiO4 nano- or microstructures
have been reported [40–44]. For example, Jung Sang Cho et al. reported a spray-drying
method for preparing densely structured Zn2SiO4:Mn phosphor particles, which are easy to
control through different additives (citric acid, sucrose, and dextrin) [40]. It was found that
the dextrin-assisted precursor particles were turned into dense spherically shaped particles,
with a mean particle size of 1.3 µm and the high crystallinity of a pure Zn2SiO4 phase,
which showed the highest luminescence intensity. Wan et al. designed a one-dimensional
rice-like Mn-doped Zn2SiO4 through a two-stage aging–crystallization hydrothermal route
without further calcining treatment [43]. It was found that the appropriate aging tem-
perature and aging time played important roles in obtaining pure hexagonal structural
Zn2SiO4, which showed good hydrothermal stability and base-resistant properties but
bad acid-resistant properties. Nevertheless, there are few reports in the literature on the
influences of morphology on luminescent properties.

Here, we demonstrated that a sheaf-like Mn-doped Zn2SiO4 composed of accumulated
nanorods was prepared by the hydrothermal method. The raw materials of manganese ac-
etate (Mn(OOCHC)2), zinc nitrate (Zn(NO3)2·6H2O), and sodium silicate (Na2SiO3·9H2O)
were used as the precursors in the hydrothermal reaction. The effects of the hydrothermal
time on the microstructure and photoluminescence (PL) properties are systematically inves-
tigated. The diameter and length of the rod were gradually increased by just prolonging
the hydrothermal time. Through the present way, the enhancement of the large lattice
distortion and sheaf-like microstructure can be achieved simultaneously, which are two
favorable factors for promoting the PL performance of Mn-doped Zn2SiO4. The effects of
the morphology on the luminescent performance are discussed.

2. Experimental Section
2.1. Sample Synthesis

The optimization of Mn centration was 8 mol %, according to the reported litera-
ture [36]. In a standard synthesis, 0.64 mmol manganese acetate (Mn(OOCHC)2) was
dissolved in 8 mmol zinc nitrate (Zn(NO3)2·6H2O) solutions. The Mn2+/Zn2+ ratios in
the solutions were 0.08. Then, 4 mmol sodium silicate (Na2SiO3·9H2O) solutions were
gradually dropped into the above solution. In sequence, the mixture was placed into a
separate Teflon container within the hydrothermal vessel and transferred to an oven. After
aging at 100 ◦C for 12 h, the oven was heated at 200 ◦C for varying times of 12, 24, 48,
and 72 h, respectively, with a ramp rate of 5 ◦C/min. The white powder was collected by
filtrating and washing with deionized water several times, followed by drying at 80 ◦C
for 4 h under vacuum, and then annealed at 600 ◦C for 2 h at a heating rate of 5 ◦C/min.
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Finally, the white products were obtained and denoted as Mn-Zn2SiO4-x, where x stands
for the relative hydrothermal reaction time.

2.2. Characterization

The phase structure and phase purity of as-prepared samples were evaluated by X-
ray diffraction (XRD, D8 Advance, Bruker, Mannheim, Germany) using Cu Kα radiation
(λ = 1.5418 Å) at tube voltage of 40 kV and tube current of 40 mA. Intensities were collected
in the 2-theta range between 10 and 80◦ with a step size of 0.02◦ and a measuring time of
0.2 s at each step. For the calculations of the cell parameters and bond length, Rietveld
refinement was carried out by the Total Pattern Solution (TOPAS) program. For refinement,
the intensities of XRD were obtained in the 2-theta range between 10 and 120◦ with a step
size of 0.02◦ and a measuring time of 6 s at each step. A scanning electron microscope (SEM,
SU-8010, HITACHI, Tokyo, Japan) and transmission electron microscope (TEM, JEM-2010,
JEOL, Tokyo, Japan) were used to investigate the morphological and structural features
of the samples. X-ray photoemission spectroscopy (XPS) was measured using a Thermo
ESCAlab 250Xi (Thermo Electron Corporation, Waltham, MA, USA) to explore the elements
and chemical structure. The sample was irradiated with monochromated Al Kα X-rays
(1486.6 eV), the pass energy was 20 eV, and the energy step size was 0.1 eV. The depth
profile was achieved by Ar bombardment in the chamber. The photoluminescence (PL)
spectra were measured with a fluorescence spectrophotometer (F-7000, Hitachi, Tokyo,
Japan) with an excitation wavelength of 250 nm from xenon lamp.

3. Results and Discussion
3.1. Crystal Phase and Lattice Distortion

Figure 1 shows the XRD patterns of as-obtained Mn-doped Zn2SiO4 treated for differ-
ent times in the range of 12–72 h under a post-heating temperature of 600 ◦C. All of the
Mn-doped Zn2SiO4 phosphors show similar diffraction patterns; the synthesized phase
above 24 h is a pure phase (Zn2SiO4), there is no second phase, and the crystallization
degree is better, indexed as almost pure rhombohedral Zn2SiO4 (JCPDS card No. 37-1485),
indicating that all samples have, basically, the same crystal structure. It is also observed that
introducing Mn into Zn2SiO4 does not bring obvious crystal changes, owing to matching
ionic radii and coordination numbers (0.80 Å for Zn2+ and 0.74 Å for Mn2+ (CN = 4)) [45],
but the diffraction peak intensity for Mn-doped Zn2SiO4 gradually increases with the hy-
drothermal time. This suggests that the crystal growth of Mn-doped Zn2SiO4 is promoted
by the increase in reaction time.
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Although the ionic radii of Mn2+ is close to that of Zn2+, the introduction of Mn2+

inevitably leads to the lattice distortion of as-prepared samples to some extent and has a
great influence on the PL property. The lattice distortion of sheaf-like Mn-doped Zn2SiO4
can be calculated in the following Gaussian–Cauchy equation [46]:

Kλ

(δ2θ)Lconθ0
= 1 − 16e2

(δ2θ)2cot2θ0

where (δ2θ) is the width of the integral, K is the constant of Scherrer (K is equal to 1 when
the width of the integral is used in this function), λ is the wavelength of X-ray (λ is equal to
0.15418 nm using X-ray diffraction with Cu Kα radiation), θ0 is the position of the peak in
the XRD pattern, L is the average size of the grain, and e is the maximum lattice distortion
of the sheaf-like Mn-doped Zn2SiO4. The detailed results of the calculated lattice distortion
of different samples are shown in Table 1. It is revealed that the lattice distortion of the
samples reached the maximum when the treatment time was 48 h.

In order to further explore the influence of Mn2+ substitution on the structure of
Zn2SiO4, the cell parameters in the Mn-Zn2SiO4-x lattice are calculated by Rietveld struc-
tural refinement with the TOPAS program. The refined results show that all samples fit
well with Zn2SiO4 (JCPDS PDF#37-1485), and the R-weighted pattern (Rwp) was within
the acceptable error range, suggesting that the refinement results are reliable. Figure 2
shows the Rietveld refinement results for the X-ray diffraction pattern for the Mn-Zn2SiO4-x
(x = 12, 24, 48, and 72 h). The cell parameters of each composition are listed in Table 1.
Compared with pure Zn2SiO4, the cell parameter of Mn-doped Zn2SiO4 slightly decreases
as a result of the small ionic radii of Mn2+. In addition, it can be seen that the cell parameters
decrease when increasing the hydrothermal time from 12 to 72 h, which is attributed to the
increasing crystallinity.
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Table 1. The lattice parameters, average size of grain (L) and the maximum lattice distortion (e) of
Mn-Zn2SiO4-x samples.

Samples Peak Position L/nm E×1000 a, b (Å) c (Å) Cell Volume (Å3)

JCPDS No.
37-1485 / / / 13.9381 9.310 1566.3

x = 12 (110) and (220) 31.04 4.16 13.9273 9.309 1563.8
x = 24 (110)and (220) 34.96 4.43 13.9242 9.306 1562.6
x = 48 (110)and (220) 38.87 4.98 13.9188 9.305 1561.2
x = 72 (110) and (220) 41.58 4.02 13.9136 9.297 1558.7

3.2. X-ray Photoemission Spectroscopy (XPS) Analysis

The XPS measurement was also performed to investigate the chemical composition
and state of Mn, Zn, Si, and O in Mn-Zn2SiO4-48. Taking into account the specimen
charging, the binding energies were corrected by referring to C (1s) at the 284.8 eV peak
position. As shown in Figure 3a, the survey spectrum of XPS shows that the Zn, Si, and
O elements are the main components of Mn-Zn2SiO4-48, and the peak of the Mn element
is weak due to its low doping concentration. The Zn 2p spectrum (Figure 3b) shows two
peaks at 1044.9 and 1021.9 eV, corresponding to the binding energies of Zn 2p1/2 and
Zn 2p3/2, respectively. For the Si 2p spectrum (Figure 3c), the peak with binding energy
at 102.5 eV is attributed to the (SiO4) bond. Figure 3d shows that the binding energy is
located at 102.5 eV, corresponding to the Si-O bond. The high-resolution Mn 2p spectrum
in Figure 3e was deconvoluted into three peaks at 654.6 and 643.3 eV, which are ascribed to
the binding energies of (MnO4) [47]. The composition as derived from XPS for elements
of Mn-Zn2SiO4-48 is listed in Table 2. As can be seen, the atomic ratio of Mn2+/Zn2+ is
about 0.086, which is consistent with 0.08 of the original ratio in the experiment. The result
suggests that the purity of Mn-Zn2SiO4-48 is high.

Table 2. Percentage composition of elements as calculated from XPS Results (Mn-Zn2SiO4-48).

Element Peak BE Height CPS Area (P) CPS.eV Atomic %

C 1s 284.80 14,204.3 36,722.61 17.64 (±1.00)
Mn 2p 654.60 2960.43 29,177.89 1.46 (±0.10)
O 1s 531.54 89,455.65 249,147.24 49.5 (±2.5)
Si 2p 102.52 11,412.33 31,207.52 14.93 (±1.00)
Zn 2p 1021.94 128,160.39 541,679.32 16.82 (±1.00)

3.3. Morphology and Microstructure

The typical SEM images of as-prepared samples are shown in Figure 4. It can be seen
that the Mn-Zn2SiO4-12 sample is composed of agglomerated nanoparticles, with about
40 nm in Figure 4a. When the hydrothermal time is 24 h, the shuttle-like Mn-Zn2SiO4-24
with different lengths of rods can be found in Figure 4b. Obviously, due to the fusion
between these nanoparticles, the rods were formed gradually. Further increasing the
reaction time to 48 h, the rods were significantly lengthened, and the sample in Figure 4c
consists of a large number of bundles. The average diameters and the lengths of nanorods
were around 20 nm and 0.8–1.5 µm, respectively. When the sample was treated for 72 h,
as observed in Figure 4d, owing to Ostwald ripening, the bundle of rods began to fuse
together, and the diameter of the single rod increased to approximately 100 nm.

In order to further investigate the detailed character of the samples, TEM images
of the different samples are shown in Figure 5. It can be observed from Figure 5a that
Mn-Zn2SiO4-12 is composed of agglomerated nanoparticles. Further continuing the
hydrothermal reaction time to 24 h, the enlarged view in Figure 5b shows that the nanorods
come into being. Figure 5c shows that the length and diameter of the rods tend to grow
when the reaction time is 48 h. As the reaction is treated for 72 h, a bundle of rods fuse
together, and the diameter of the single rod is approximately 100 to 250 nm, as observed in
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Figure 5d. Based on the Ostwald ripening mechanism, the diameter and length of the rods
gradually increased with prolonging the hydrothermal time [48,49].
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Figure 6 shows the further enlarged HRTEM image of the nanorods in white squares
range of Figure 5c. It is discovered that the nanorod is composed of many nanoparticles.
Interestingly, these nanoparticles attach along the same direction, which shows mesocrystal
characteristics. The Mn-Zn2SiO4-48 sample, being composed of individual nanoparticles,
aggregated together to form a larger, fused mesoscopic crystal structure that behaved like a
single crystal [50]. The lattice fringe observed in white circle range in Figure 6 is 0.659 nm,
which agrees well with the lattice distance between the (110) lattice planes. Obviously, the
nanorods have dominant growth along [001] direction, with a large number of structural
defects from oriented attachment.
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Based on the above analysis, the tentative growth process of the sheaf-like Mn-
doped Zn2SiO4 is illustrated in Figure 7. In the beginning of the hydrothermal reaction,
Mn(OOCHC)2, Zn(NO3)2·6H2O and Na2SiO3·9H2O tend to form Zn4-xMnxSi2O7(OH)2·H2O
bulk materials. As the reaction progressed, the bulk Zn4-xMnxSi2O7(OH)2·H2O gradually
turned into Zn4-xMnxSiO4 nanoparticles as a result of H2O molecules de-intercalating from
the interlayer spaces of Zn4-xMnxSi2O7(OH)2·H2O, along with a phase transformation from
Zn4-xMnxSi2O7(OH)2·H2O to Zn4-xMnxSiO4 [41]. As the hydrothermal time prolonged,
the Zn4-xMnxSiO4 nanoparticles vanished, and longer nanorods formed, owing to the
“Ostwald ripening mechanism”.
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3.4. Luminescence Properties

Based on the characteristics of the sample itself and the references [40,42,44], we finally
chose 250 nm wavelength as the excitation light wavelength for the luminescence perfor-
mance of the sample. As shown in Figure 8, the PL spectra of Mn-doped Zn2SiO4 phosphor
were measured under the excitation of 250 nm at room temperature. The maximum emis-
sion peak is located at 522 nm due to the 4T1-6A1 transition within d-orbital electrons,
which is associated with the presence of Mn2+ in the Zn2SiO4 lattice [51,52]. It can also be
observed that Mn-doped Zn2SiO4-48, namely sheaf-like Mn-doped Zn2SiO4, exhibits the
highest peak strength due to the beam morphology. The reason is the result of the syner-
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gistic effect of multiple factors. First of all, in contrast to rare-earth ion luminescence, for
transition metal ions, the change in position symmetry does not have such a crucial effect
on luminescence properties. The emission properties of manganese ions are determined by
the crystal field of the host. The Gauss–Cauchy equation and HRTEM results show that
Mn2+ replaces Zn2+ to form a luminescence center, occupying a low symmetry position
and being in a distorted cationic environment. Mn2+ ion doping results in a large lattice
distortion and structural defects in the Zn2SiO4 matrix, which is conducive to improving
PL emission intensity [27,53,54]. Moreover, Mn-doped Zn2SiO4-48 samples have a unique
mesomorphic structure, which is a bundle of small particles assembled into a higher specific
surface area, so the role of surface defects is also greater. These defects (most commonly
-oxygen vacancies) can act as electron traps that lead to the oxidation of Mn2+ ions to Mn3+

or Mn4+. However, as the small particles assemble into larger, fused bundles of mesoscopic
crystal structures, the relative number of oxygen vacancies decreases, and the possibility
of manganese oxidation decreases. Due to the large surface-volume ratio, dense morpho-
logical characteristics, and nano-size effect, the bundle shape with long nanorods has a
certain positive influence on the improvement of PL performance [55,56]. Furthermore,
XPS tests show that the valence state of manganese is more in the +2 state, reflecting one of
the reasons for the strong PL. In brief, the maximum brightness of Zn2SiO4-48 doped with
bunched Mn is due to the unique bunched morphology, structural defects, large lattice
distortion, and mesomorphic structure produced under the change in reaction conditions,
and the synergistic effect of Mn2+ ions with stable valence of manganese ions is shown
by XPS.
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4. Conclusions

In summary, by controlling the atomic ratio of Mn2+/Zn2+ to be around 0.08, we have
successfully obtained sheaf-like Mn-doped Zn2SiO4 with excellent PL properties under hy-
drothermal times of 48 h. It is interesting to find that the reacting time has a great influence
on the morphology and crystallinity of as-prepared samples. The sheaf-like Mn-doped
Zn2SiO4 shows a high PL intensity mainly owing to the synergistic effect of unique sheaf-
like morphology, structural defects, large lattice distortion, and mesomorphic structure,
and the synergistic effect of Mn2+ ions with stable valence of manganese ions shown by
XPS. The above result offered a new idea to modify the PL property of phosphor materials.
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