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Abstract: Rare-earth-doped SiAlON and Si3 N4 materials from aluminosilicate starting materials have
been reported to show superior photoluminescence (PL) properties. Three different starting materials,
including pulverized coal furnace fly ash, diatomite and raw illite, were used for synthesis of nitride
materials. The phase and morphology evolution of these products were carefully monitored at the low
temperature range of 1350 ◦ C to 1450 ◦ C by X-ray diffraction (XRD), scanning electronic microscopy
(SEM) and Fourier-transform infrared spectroscopy (FT-IR). The PL properties of Eu-doped nitride
products were also comparatively characterized. The results show that the type of starting material
affects the phase composition and the photoluminescence properties of products. The existence
of aluminum and alkali metals could effectively promote nitridation reactions. Aluminum in the
starting materials led to the formation of different aluminum-rich nitride phases. Thus, β-SiAlON
could be achieved at a much lower temperature (1350 ◦ C) using raw illite or fly ash containing the
proper amount of aluminum. Additionally, excess aluminum led to the formation of corundum
and 15R-SiAlON. The products from pulverized coal furnace fly ash had more prismatic particles,
and the products from diatomite had more fibrous particles. With the progress of the nitridation
process, the fibers were increased, becoming longer and straighter, and the prismatic particles
were more obvious. The presence of aluminum in the starting materials led to a blue shift in the
photoluminescence spectrum.
Keywords: nitrides; fly ash; carbothermal reduction; nitridation; optical properties

1. Introduction
SiAlON materials have attracted great attention due to their reliable mechanical strength and
significant structural, thermal and chemical stability during application [1,2]. Rare-earth-doped SiAlON
materials are potential phosphors, due to their reported photoluminescence (PL) properties and the
superior stabilities mentioned above. α-SiAlONs have been found to generate efficient luminescence [3–8].
While only a few studies have focused on β-SiAlONs, the luminescence mechanism needs further study
and many details remain unclear [9].
The starting materials for production of SiAlON material can be highly purified chemical
reagents [9–16], natural minerals [17–20] and solid waste [21–24]. In our previous study, we reported
that β-SiAlON multiphase phosphors can be prepared from fly ash acid slag, which can be seen as a new
solid waste [25]. Because fly ash is rich in silicon and aluminum, it is very suitable for preparation of
SiAlON, whether through acid dissolution or not [26,27]. J.E. Gilbert et al reported that high-C fly ashes
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could be used to synthesize β-SiAlON at 1500 ◦ C [24]. Tao Jiang et al. reported that titania-bearing blast
furnace slag and bauxite chamote could be used to synthesize (Ca, Mg) α’-SiAlON [28]. Suitable solid
waste could be recycled and reused as a new resource with low cost and low pollution.
Previous studies have indicated that, as a starting material for synthesis of SiAlON materials,
natural minerals and solid waste can efficiently reduce the synthesis temperature and simplify the
synthesis process [17–25]. However, the influence of different Si and Al sources has rarely been
studied, especially for the synthesis of β-SiAlON materials. Yun Tang et al. [29] reported that slag,
glass and minerals were compared as starting materials for synthesis of SiAlON materials. The results
showed that the carbothermal reduction nitridation (CRN) processes are similar and the phase
transformation steps are the same. Mikinori Hotta et al. [30] reported that nanosized amorphous,
sub-micron-sized amorphous and micron-sized crystalline SiO2 powders could be used to obtain
Ca-α SiAlON. They reported that the nitridation process was similar irrespective of the difference in
starting materials. In order to study the influence of different Si and Al sources, the Al:Si ratios in the
starting materials should be different enough. The PL properties of the products from different starting
materials need to be researched because of their potential phosphor applications.
In this work, three different starting materials with various Al:Si ratios, including pulverized
coal furnace fly ash, diatomite and raw illite, providing different Si and Al sources, were used as
starting materials for the synthesis of SiAlON or Si3 N4 (because of a lack of Al source in diatomite)
materials. Among them, diatomite and raw illite are natural minerals, both of which are rarely reported
as starting materials for SiAlON or Si3 N4 , and one of which is solid waste. Nitride phosphors were
obtained by Eu doping and their phase and morphology evolutions during the CRN reaction were
investigated. The PL properties of the different phosphors were researched and a comparison was
made. The influences of different Si and Al sources were determined.
2. Materials and Methods
The pulverized coal furnace fly ash used for this study was obtained from Guohua Power Plant,
Xuejiawan Town, Zhungeer County, Ordos City, Inner Mongolia, China. The diatomite was obtained
from Linjiang City, Jilin Province, China. The raw illite used for this study was obtained from Antu
County, Jilin Province, China. Carbon black (model N550, oil absorption 2.01, Jilin Petrochemical Co.
Ltd.) was the carbon source in this study. Eu2 O3 (99.99 %, Sinopharm Chemical Reagent Co. Ltd.) was
used to prepare phosphors. Starting materials with molar ratio C:Si = 3.02 with Eu doping content 0.05
were weighed and mixed in a mortar [25]. Then, the starting powders were placed in alumina boats
positioned in a box type furnace. The reaction temperatures of different samples were 1350 ◦ C, 1400 ◦ C
and 1450 ◦ C. Then, the temperature was maintained for 3 h and 6 h under nitrogen flow (flow rate of
2 L/min), respectively. The samples were cooled to room temperature in the furnace and characterized
at room temperature.
The phase composition of the products was characterized by X-ray diffraction (XRD, DX-2700,
Dandong, China). The XRD (Cu Kα1 radiation, 35 kV and 25 mA) patterns were obtained by scanning
from 10◦ to 80◦ . The step size was 0.1 ◦ /s. The sampling time was 0.5 s and the data point interval (the
step width of scanning) was 0.05◦ . The Fourier-transform infrared spectroscopy (FT-IR) of samples was
determined by a Fourier-transform infrared spectrometer (NICOLET 380, Fitchburg, Wisconsin, USA)
in the range of 400–1300 cm−1 with a spectral resolution of 2 cm−1 . The photoluminescence properties
were measured by a fluorescence spectrophotometer (F-380, Tianjin, China). The morphology of the
products was characterized by scanning electronic microscopy (SEM, S-570 and JSM-IT300, Tokyo,
Japan). The chemical composition of the product was analyzed by energy-dispersive spectroscopy
(EDS, JED-2300, Tokyo, Japan).
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3. Results and Discussion
3.1. Analysis of Experimental Raw Materials
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3.2. The Effect of the Si Sources on the Phase Composition of Products
During CRN calcination, these raw materials are partly reduced and nitrified. The XRD patterns of
the products obtained from different starting materials are shown in Figure 2. The phase compositions
of the products are identified by their XRD patterns [6,8–11,25,29]. At 1350 ◦ C, the intermediate
phase Si2 N2 O exists in the products of the pulverized coal furnace fly ash, diatomite and raw illite.
This means that Si2 N2 O exists at all of the initial stages of carbothermal reduction and nitridation
reaction, regardless of the various initial chemical compositions and crystal structures of silicon sources.
Although the nitridation process has started at 1350 ◦ C, the β-SiAlON phase only exists in the products
of the pulverized coal furnace fly ash and raw illite, both of which are rich in alumina. There is no
Si3 N4 phase in the product of the diatomite. Therefore, it implies that, in our CRN system, the forming
temperature of β-SiAlON is lower than that of the Si3 N4 phase, and rich alumina species in fly ash and
raw illite improve the nitridation process to form SiAlONs. Considering that a large amount of silicon
carbide is produced in diatomite instead of Si3 N4 , the carbonization process must take precedence over
the nitridation process in a nitrogen atmosphere for diatomite, even when part of the silicon carbide
acts as the intermediate product of the nitridation process. Mullite and corundum from the starting
materials remain in the 1350 ◦ C products of fly ash. Meanwhile, quartz from diatomite and raw illite is
completely converted into cristobalite and other phases below 1350 ◦ C.
At 1400 ◦ C, the amount of Si2 N2 O decreases sharply and only remains in the products of pulverized
coal furnace fly ash due to its high Al:Si ratio. As an intermediate nitride product at low temperatures,
the vanishing of Si2 N2 O indicates that the nitridation process is completed. Thus, more β-SiAlON
and SiC phase exist in the products. The phases in the products from illite mineral are basically
pure β-SiAlON and a small amount of SiC, which can be regarded as an almost complete nitriding
process. As for diatomite, SiC phase in the products is greatly reduced, and replaced by Si3 N4 with
two structures: α-Si3 N4 and β-Si3 N4 . These two Si3 N4 phases with different structures appear almost
at the same time.
At 1450 ◦ C, in addition to the phases in the products at 1400 ◦ C, pulverized coal furnace fly ash
also produces aluminum-rich nitride phase 15R-SiAlON (SiAl4 O2 N4 ). In the products of pulverized
coal furnace fly ash, corundum is always accompanied. That means aluminum is excessive in the
chemical composition of pulverized coal furnace fly ash corresponding to β-SiAlON. There is no
obvious evidence of AlN phase in XRD patterns of products, and, even if formed, they are below
detectable limits, similar to the result in [31]. For diatomite at 1450 ◦ C, the resultant phases are the
same as that of 1400 ◦ C. Illite mineral produced a small amount of corundum phase on the basis of
β-SiAlON and a small amount of SiC.
To sum up, the aluminum species in the starting materials promote the nitriding reaction. Thus,
the initial forming temperature of β-SiAlON is lower than silicon nitride, and aluminum-rich nitride
phase will be formed at higher temperature, 1450 ◦ C. The products of different raw materials are
all β-SiAlON phase, while α-Si3 N4 and β-Si3 N4 are produced at almost the same time. The higher
alkali metal content in the raw materials, such as K2 O, will promote the production of SiAlON at
lower temperatures, although no independent phase or new phase different from other aluminosilicate
starting materials is observed.
The FT-IR spectra of the products obtained from different starting materials are shown in Figure 3.
At 1350 ◦ C, the spectrum of the products of pulverized coal furnace fly ash does not exhibit the characteristic
absorption at 1100 cm−1 of the Si-O bond [32]. The spectrum of the products of raw illite does not obviously
exhibit characteristic absorption at 950 cm−1 of the N-Si-O bond [32], which corresponds to the complete
nitridation reaction. The peaks at 1100 cm−1 are generally assigned to the characteristic absorption of
the Si-O bond [32]. The peaks at 1000, 950, 900 and 540 cm−1 are generally assigned to the characteristic
absorption of N-Si-O bond. The peaks at 490 cm−1 are generally assigned to the characteristic absorption of
the Si-N bond [33]. The peaks at 460 cm−1 are generally assigned to the characteristic absorption of the
Al-O bond [32]. The peaks at 430 cm−1 are generally assigned to the characteristic absorption of the Si-O
bond [32,34].
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During CRN calcination, these raw materials are partly reduced and nitrified. The XRD
patterns of the products obtained from different starting materials are shown in Figure 2. The phase

do not exist in the products of pulverized coal furnace fly ash and raw illite, consistent with the
XRD results. For diatomite, the characteristic absorption of the Si-N bond at 490 cm−1 indicates the
forming of α-Si3N4 [33]. The existence of the characteristic absorption at 460 cm−1 and the
disappearance of the characteristic absorption at 430 cm−1 is caused by the larger amount of
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−1
absorption at 1100 cm of the Si-O bond [32]. The characteristic absorption of the N-Si-O bond at
fly ash appears again, which is assigned to the 15R SiAlON phase considering the XRD results. The
950 cm−1 only exists in the products of diatomite
[32]. It corresponds to the fact that the nitridation
peaks of the N-Si-O bond at 950 cm−1 in all products disappears, indicating
the completed
reaction of the diatomite with less impurity is not easy. The
peaks at 490 cm−1 , assigned to α-Si3 N4,
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coal furnace fly ash and raw illite, and only appear in diatomite samples. The
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results. −1
For diatomite, the characteristic absorption of the Si-N bond at 490 cm−1 indicates the forming
900 cm peak in the pulverized coal furnace fly ash sample may also be related to the forming
of α-Si3 N4 [33]. The existence of the characteristic absorption at 460 cm−1 and the disappearance of
competition between the 15R SiAlON phase and β-SiAlON phase during CRN.
the characteristic absorption at 430 cm−1 is caused by the larger amount of aluminum and the lower
amount of silicon in the products of pulverized coal furnace fly ash [33,34].
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holding time. This indicates that the aluminum species in the starting material promote the nitridation
process and help to obtain SiAlON phases rather than Si3 N4 , although SiAlON has a similar structure
to Si3 N4 . When the holding time of illite is insufficient (3h), cristobalite is observed, indicating that the
aluminum in raw illite is not excessive for the process of SiAlON formation by nitridation. X-SiAlON
is observed in 3 h products of pulverized coal furnace fly ash, indicating that high aluminum content
in fly ash will form a high-aluminum phase, even when nitridation is uncompleted.

slightly increases with holding time. This indicates that the aluminum species in the starting
material promote the nitridation process and help to obtain SiAlON phases rather than Si3N4,
although SiAlON has a similar structure to Si3N4. When the holding time of illite is insufficient (3h),
cristobalite is observed, indicating that the aluminum in raw illite is not excessive for the process of
SiAlON formation by nitridation. X-SiAlON is observed in 3 h products of pulverized coal furnace
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fly ash, indicating that high aluminum content in fly ash will form a high-aluminum phase, even
when nitridation is uncompleted.
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Figure 5. Photoluminescence excitation spectra of the products obtained from different starting
Figure 5. Photoluminescence excitation spectra of the products obtained from different starting
materials (a) 1350 ◦ C (b) 1400 ◦ C (c) 1450 ◦ C and emission spectra of the products obtained from
materials (a) 1350 °C (b) 1400 °C (c) 1450 °C and emission spectra of the products obtained from
different starting materials (d) 1350 ◦ C (e) 1400 ◦ C (f) 1450 ◦ C.
different starting materials (d) 1350 °C (e) 1400 °C (f) 1450 °C.

The FWHM values of the emission spectra of the products obtained from fly ash, diatomite
and raw illite at 1450 °C are approximately 140, 107 and 146 nm, respectively. At 1350 °C, the
sample of raw illite displays the strongest luminescence. This may be related to the priority of
β-SiAlON in the products of raw illite. In all temperature ranges, the photoluminescence intensities
of the products from pulverized coal furnace fly ash are the weakest, which is probably related to
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The FWHM values of the emission spectra of the products obtained from fly ash, diatomite and
raw illite at 1450 ◦ C are approximately 140, 107 and 146 nm, respectively. At 1350 ◦ C, the sample of
raw illite displays the strongest luminescence. This may be related to the priority of β-SiAlON in the
products of raw illite. In all temperature ranges, the photoluminescence intensities of the products
from pulverized coal furnace fly ash are the weakest, which is probably related to the existence of the
corundum phase. As revealed by XRD analysis, in the product system from pulverized coal furnace
fly ash, corundum is the exact phase which always exists in all temperature ranges and differs from
the phases of other starting materials. At 1400 ◦ C and 1450 ◦ C, the photoluminescence intensities of
the products from diatomite rise sharply, and are much higher than those of the other two systems.
This indicates that the photoluminescence intensity of Si3 N4 is higher than that of the other two systems.
From the above two aspects, although aluminum promotes the nitridation process from the point of
phase evolution, it can be considered that the existence of aluminum has a negative impact on the
photoluminescence performance.
According to peak position analysis of the photoluminescence excitation spectra, the samples
were excited at 325nm. According to the peak position analysis of the photoluminescence emission
spectra, the peak positions of the product of all of the samples calcined at 1350 ◦ C are close to 435 nm,
approximately, attributing to blue spectral range. When the CRN temperature increases to 1400 ◦ C,
the peak positions of the products from diatomite change significantly to the green spectral range,
centered at approximately 530 nm. The result is similar to related studies [6,9,35]. Ryu et al. [6] reported
β-SiAlON:Eu2+ showed a single intense broadband emission in the range from 525 to 540 nm, and
exhibited broad bands of the spectra of the Eu2+ ions in the present β-SiAlON lattice. Zhu et al. [9]
reported Eu2+ -doped β-SiAlON phosphor emission spectra exhibited two broad bands with maxima at
about 415 nm (violet) and 540 nm (green), and the broad band excitation is attributed to the 4f7 →4f6 5d
transition of Eu2+ . Yu et al. [35] reported Eu-doped Si3 N4 emission spectra exhibited a broad band
ranging from 500 to 700 nm, and the emission band was attributed to the allowed 4f6 5d→4f7 transition
of Eu2+ ion. In summary, the emission bands in our study are attributed to the allowed 4f6 5d→4f7
transition of Eu2+ ion. The emission spectra of the products calcined at 1400 ◦ C and 1450 ◦ C from
diatomite are redshifted. This is related to the change of phase composition, especially the production
of two different structures of Si3 N4 . The above results imply that the photoluminescence performance
of the Si3 N4 system differs from that of the SiAlON system. It can also be considered that the presence
of aluminum will lead to the blue shift in the photoluminescence spectrum. The blue shift of the peaks
of pulverized coal furnace fly ash and raw illite at 1400 ◦ C and 1450 ◦ C can be regarded as the change
in the photoluminescence properties of the two systems caused by nitridation.
3.5. Product Morphology
SEM micrographs of the different starting materials and their typical nitridation products are
shown in Figure 6. In pulverized coal furnace fly ash, there are spherical particles and irregular
particles, which may affect the morphology of later products. Diatomite displays relatively complete
or broken porous algal disc morphology. Raw illite has a multi-layer lamellar morphology, which is
typical morphology of clay minerals.
In the products of pulverized coal furnace fly ash, many particles maintain the spherical shape at
1350 ◦ C, and a small amount of fibers also exists, which is related to the nitridation process. But the EDS
results show that these fibers are not nitrides but carbides. It is likely that the nitridation products from the
silicon carbide transformation maintain the morphology of silicon carbide. At 1400 ◦ C, the aggregations
of prismatic particles increased, and the spherical products disappeared, indicating that most of the silica
species from the spheres reacted in the CRN condition. Although the change in the phase composition
in XRD patterns was not obvious, the nitridation process and the production of β-SiAlON led to the
replacement of spherical particles by prismatic particles directly. At 1450 ◦ C, with the deepening of
nitridation process, the products maintain the aggregation morphology of prismatic particles and the
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In products from diatomite, the particles are mostly tiny, agglomerated vermicular fibers and large
plates at 1350 ◦ C. At 1400 ◦ C, the fibers grow longer and straighter than at 1350 ◦ C. The morphologies of
the products are a mixture of fibers, small spherical particles and large plates. At 1450 ◦ C, large plates
disappear in the products, and long straight fibers and their aggregations fill the field of vision.
Although the phase composition of the XRD patterns remained basically unchanged, the morphology
changed greatly due to the growth of fibers. With an increase in reaction temperature, diatomite particles
tend to be smaller with more fibrous products from large plates.
In the products from raw illite, the morphologies are mostly fine long straight fibers and
spherical particles at 1350 ◦ C. At 1400 and 1450 ◦ C, the morphologies of the products change a little,
which are composed of larger long straight fibers and irregular particle aggregations. Additionally,
the corresponding phase composition, analyzed by XRD patterns, remains basically unchanged.
With an increase in reaction temperature, the product particles from natural illite become irregular
aggregations from spherical particles, and the fibers become longer and straighter.
At 1350 ◦ C, the products of pulverized coal furnace fly ash are mostly spherical in shape, and came
from the starting materials, unlike the products of diatomite and raw illite. There are a few spherical
particles in the products of raw illite, but the origin of these spheres differs from that of fly ash spheres.
They are newly formed spheres, indicating that part of raw the illite is melted in the samples at
1350 ◦ C due to the higher potassium content and lower melting point of the illite system. At 1400 ◦ C,
the products of pulverized coal furnace fly ash transformed into prismatic particles caused by the
formation of β-SiAlON phase (revealed by XRD analysis), while the products of diatomite and raw
illite transformed into more fibers. Revealed by XRD analysis, the fibers are α-Si3 N4 and β-Si3 N4
phase in the system of diatomite and β-SiAlON phase in the system of raw illite. There are still large
plate particles in the products of diatomite, and some of them are transformed into smaller spherical
particles. At 1450 ◦ C, the prismatic particles in the products of fly ash and the fibers in the products of
illite grow and the intensity of PL spectra becomes stronger. The spherical particles and plate particles
in the products of diatomite disappear. With the progress of the nitridation process, the morphologies
of products from different silicon sources show that the fibers are increased, becoming longer and
straighter, and the prismatic particles are more obvious. The growth of particles could enhance the PL
properties of the products.
4. Conclusions
Eu-doped nitride multiphase materials were prepared from three different Si and Al
sources—diatomite, raw illite and pulverized coal furnace fly ash—by carbothermal reduction and
nitridation synthesis. Different starting materials affected the phase composition and the morphology
of products. Although the expected nitridation products, SiAlON and Si3 N4 , can be obtained at 1350 ◦ C
to 1450 ◦ C in all of the systems, the existence of aluminum and alkali metals can effectively reduce the
reaction temperature and holding time of nitridation. Starting materials containing excess aluminum,
such as fly ash, may produce nitride phases with high aluminum content, such as 15R-SiAlON
and X-SiAlON (Si3 Al6 O12 N2 ). The different starting materials also affected the photoluminescence
properties of Eu-doped products. The emission peak positions of pulverized coal furnace fly ash and
raw illite are close at approximately 435 nm from 1350 ◦ C to 1450 ◦ C. The emission bands are attributed
to the enabled 4f6 5d→4f7 transition of Eu2+ ions in the product system. The PL spectra emission of
diatomite products changes from 440 nm at 1350 ◦ C to approximately 530 nm with the increasing
calcination temperature, due to the formation of silicon nitride phase at higher temperature. The PL
properties of Eu ions in silicon nitride are different from those in SiAlON, which can be controlled
by Al:Si ratio in starting materials. The morphological evolution of nitridation specimens was also
affected by different starting materials. The products from pulverized coal furnace fly ash have a more
obvious prismatic morphology. Meanwhile, the products from diatomite and raw illite show smaller
particles and more fibers.
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