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Abstract

Series of doped natural wollastonite phosphors (xTb3+/xLi+, yCe3+/yLi+ and xTb3+/0.06Ce3+/xLi+ co-doped
wollastonite) were synthesized by high temperature solid state thermal diffusion method in vacuum furnace.
The powders mainly consisted of low temperature α-CaSiO3 phase corresponding to the triclinic crystal struc-

ture, and according to ionic radii differences it was proposed that Tb3+ and Ce3+ had tendency to be incor-
porated at the Ca2+ position. The natural wollastonite powder has primarily needle-like particles with small
amount of finer spherical aggregates, whereas the portion of finer particles increases significantly after the
doping with Tb3+/Ce3+ ions. Under 352 nm light excitation, the Tb3+/Li+ co-doped wollastonite phosphors with
Tb3+/Li+ content between x = 0.08–0.18 achieved tuneable luminescence from green to yellow through energy
transfer from Tb3+ to minor impurity Mn2+ existing in the matrix. All of the Ce3+/Li+ co-doped wollastonite
phosphors with Ce3+/Li+ content between y = 0.02–0.10 emitted intense purple-blue light centred at 382 nm. In
the xTb3+/0.06Ce3+/xLi+ (0.01 ≤ x ≤ 0.09) co-doped wollastonite phosphors, Ce3+ acted as a sensitizer and the
energy transfer efficiency from Ce3+ to Tb3+ reached 62.5%. Temperature dependent photoluminescence within
298–498 K suggested an excellent thermal stability of the 0.06Ce3+/0.06Li+ co-doped wollastonite phosphor, of
which the intensity at 498 K retained 96.2% of that at room temperature. Importantly, anti-thermal-quenching
phenomenon was observed in the 0.12Tb3+/0.12Li+ co-doped wollastonite phosphor, and the 545 nm emission
intensity at 498 K reached 120.3% of that at 298 K. The regulation of thermal luminescence behaviour for Tb3+

was achieved by incorporating Ce3+ ions in the 0.12Tb3+/0.12Li+ co-doped wollastonite phosphor. Based on
the observations, the above materials display good thermal stability and can be developed as phosphors for
application in display devices and LEDs above room temperature.
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I. Introduction

White light-emitting diodes (W-LEDs) are attract-
ing huge attention as a promising solid-state illumina-
tion in human daily life owing to their high efficiency,
low power consumption, long life time and environ-
ment friendly characteristics [1–3]. In commercial W-
LEDs, white-light emitting is mostly achieved by the
combination of a blue LED chip and yellow-emitting
YAG:Ce3+ phosphor [4]. Nonetheless, the result is not
satisfactory for general lighting, owing to the lack of
red components, which leads to a low CRI value (<80)
and high CCT (>4000 K) of W-LEDs [5]. To overcome
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the deficiency, red components are added to the devices
via the combination of blue GaN-based chip with the
mixtures of green/yellow and red phosphors [6]. An
alternative approach to achieve high-quality full spec-
trum lighting is to match a near-ultraviolet (NUV, 360–
420 nm) chip with tricolour (blue + green + red) phos-
phors. Based on this method, W-LEDs can have excel-
lent spectral continuity which is close to sunlight spec-
trum [7]. However, this strategy requires high lumines-
cent efficiency of each component phosphor and espe-
cially superior thermal stability under NUV light ex-
citation. Presently, tricolour phosphors with strong ab-
sorption at NUV light, high emission efficiency and high
thermal stability are still lacking.

Among the large number of luminescent hosts, sil-
icates are preferred for research due to their excel-

395

https://doi.org/10.2298/PAC2404395Y
https://orcid.org/0000-0003-1114-255X
https://orcid.org/0000-0002-2914-4177
https://orcid.org/0000-0003-1880-6857
https://orcid.org/0000-0003-4252-4331


X. Yu et al. / Processing and Application of Ceramics 18 [4] (2024) 395–404

lent chemical and thermal stability. Many phosphors
based on silicate host have been developed, includ-
ing Li2SrSiO4:Eu2+, KAlSiO4:Sm3+, Ba2SiO4:Eu2+,
Y2Si2O7@Zn2SiO4:(Ce3+,Mn2+,Eu3+) etc. [8–11]. Ex-
cept for the above silicate matrices, wollastonite
(with theoretical composition of 51.75 wt.% SiO2 and
48.25 wt.% CaO) has also been reported as phosphor
host, which is a polymorphic mineral with a chemi-
cal formula of CaSiO3 [12]. The luminescence of α-
CaSiO3:Eu2+ was studied by Poort et al. [13] which
gave poor luminescence at room temperature. Kshetri et

al. [14] fabricated Yb/Er-doped CaSiO3 β-wollastonite
up-conversion ceramic phosphor through microwave
hydrothermal method followed up by heat-treatment
in air environment. Ma et al. [15] synthesized Eu2+

doped pseudo-wollastonite α-CaSiO3 blue phosphor,
and found that the phosphor shows outstanding tem-
perature stability, which maintains 94.65% of its ini-
tial emission intensity at 423 K. However, the researches
mentioned above are all carried out based on phosphors
with synthetic wollastonite, which can be obtained with
high purity.

Naturally occurring wollastonite with high purity can
also be used as phosphor host, which has two differ-
ent structures including α-CaSiO3 and β-CaSiO3 [16].
Among the different types of wollastonite, the most
common one in the nature is 1Tr α-CaSiO3, the structure
which consists of two layers of [SiO4] tetrahedral chains
and one layer of [CaO8] chains alternately packed. Cal-
cium ions occupy seven different crystallographic sites
which are all coordinated by eight oxygen ions; the crys-
tal structure is plotted in Fig. 1 [17]. Because the crys-
tal structure has multiple ion substitution sites, its prop-
erties can be modified by adjusting the doping ions.
In our previous work, Eu3+ doped natural wollastonite
(α-CaSiO3) phosphor with red emission was fabricated
successfully and different amount of La3+ ions were in-
troduced to redistribute Eu3+/Eu2+ activator and regu-
late the emission colour [18]. However, the correspond-
ing green and blue phosphors based on natural wollas-
tonite have not been reported in detail.

Figure 1. Sketch of the crystal structure of wollastonite
(α-CaSiO3) [17]

Among the rare earth ions, Tb3+ (5D4-7FJ) ion can
emit bright green light and is rarely sensitive to the
surrounding environment. Ce3+ exhibits strong absorp-
tion in the ultraviolet region and emits blue to yellow
light due to the spin-allowed 4 f –5d energy level tran-
sition. Moreover, it can transfer the absorbed excitation
energy to other activators to increase the emission in-
tensity. Therefore, the co-doped Ce3+ is usually chosen
to sensitize Tb3+ in order to obtain improved emission
[19,20]. Hence, in the present study, to further enrich
and improve the luminescence characteristics of nat-
ural wollastonite mineral based phosphors, rare earth
Tb3+-Ce3+ ion pairs were doped into the natural wollas-
tonite matrix. The impact of doped ions on the structure,
morphology, photoluminescence properties and thermal
stability characteristics of the prepared phosphors were
studied in detail. Furthermore, the mechanism and effi-
ciency of energy transfers between Ce3+-Tb3+ were also
discussed in detail.

II. Experimental

Series of Tb3+/Ce3+ co-doped natural wollastonites
were synthesized and Li+ was also added for the charge
and size compensation. For the synthesis of Tb3+/Li+,
Ce3+/Li+ and Tb3+/Ce3+/Li+ co-doped wollastonite
phosphors (Table 1) high temperature solid state ther-
mal diffusion method was used. Precursor wollastonite
powder was obtained from the quarry in Huangshi,
China and has the following composition (according
to XRF analyses): 47.85 wt.% CaO, 51.24 wt.% SiO2,
0.15 wt.% Al2O3, 0.15 wt.% MgO, 0.03 wt.% NaO,
0.45 wt.% Fe2O3, 0.06 wt.% MnO, 0.04 wt.% SrO and
0.03 wt.% CuO. Natural wollastonite mineral has pur-
ple luminescence (under 254 nm lamp excitation) origi-
nating from a small portion of Mn2+ activator from the
natural mineral [21]. Broken pieces of the natural wol-
lastonite were firstly powdered to a uniform consistency
(200 meshes) using an agate mortar. High purity rare
earth materials Tb4O7, CeO2 (purity >99.99%, Baotou
Rare-Earth Institute, PR China) and Li2CO3 (A.R) were
stoichiometrically weighed according to the desired
sample compositions: i) xTb3+/xLi+ (x is the molar ratio
of cations, nTb3+/nCa2+), ii) yCe3+/yLi+ (y is the molar ra-
tio of cations, nCe3+/nCa2+) and iii) xTb3+/0.06Ce3+/xLi+

co-doped natural wollastonite (Table 1). The prepared
powder mixtures were then uniformly mixed with the
wollastonite powders by ball-milling for 4 h in ethanol.
Afterwards, the obtained slurry was dried in an electric
vacuum drying oven. Finally, the mixed powder sam-
ples in corundum crucibles were heated in vacuum fur-
nace. After heat-treatment at 1150 °C for 2 h, all mix-
tures were collected after natural cooling to room tem-
perature, and pulverized for further measurements.

X-ray powder diffraction patterns of the products
were recorded on a Rigaku D/max-IIIA diffractome-
ter with Cu Kα radiation (λ = 1.5403 Å) at a scanning
rate of 8 °/min at 40 kV and 30 mA. X-ray photoelec-
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tron spectroscopy (XPS) analyses were conducted on a
Thermo Scientific K-Alpha spectrometer. The morphol-
ogy of the phosphors was observed by scanning electron
microscopy (SEM, JSM-6360LV, JEOL, Tokyo, Japan).
Photoluminescent excitation and emission spectra were
recorded on F-4500 spectrometer with 450 W xenon
lamp as the excitation source. The colour coordinates
of the samples were calculated by the CIE software.
The temperature-dependent emission spectra from 298
to 498 K were measured by a high-temperature heat-
ing stage with mode of TAP-02 (Tian Jing Orient-
KOJI instrument Co. Ltd.). Except for the temperature-
dependent photoluminescent test, all the measurements
were performed at room temperature.

Table 1. Sample notation of different wollastonite based
phosphors

Sample notation
Doping content

Tb3+/Ca2+ (x) Ce3+/Ca2+ (y)
Wo-Tb-0.01 0.01
Wo-Tb-0.03 0.03
Wo-Tb-0.09 0.09
Wo-Tb-0.12 0.12
Wo-Tb-0.15 0.15
Wo-Tb-0.18 0.18
Wo-Ce-0.02 0.02
Wo-Ce-0.04 0.04
Wo-Ce-0.06 0.06
Wo-Ce-0.08 0.08
Wo-Ce-0.10 0.10

Wo-Ce/Tb-0.01 0.01 0.06
Wo-Ce/Tb-0.03 0.03 0.06
Wo-Ce/Tb-0.05 0.05 0.06
Wo-Ce/Tb-0.07 0.07 0.06
Wo-Ce/Tb-0.09 0.09 0.06

III. Results and discussion

3.1. Phase composition and crystal structure

XRD patterns of the xTb3+/xLi+ (0 ≤ x ≤ 0.15),
yCe3+/yLi+ (0 ≤ y ≤ 0.10) and xTb3+/0.06Ce3+/xLi+

(0 ≤ x ≤ 0.09) co-doped wollastonite phosphors are
shown in Figs. 2a, 2b and 2c, respectively. The XRD
pattern of the undoped natural wollastonite is also mea-
sured for comparison, which mainly consists of low
temperature α-CaSiO3 phase, corresponding to the tri-
clinic crystal structure with space group P1̄ (PDF 27-
1064) [22]. Considering that the radii of Tb3+ (r =
1.04 Å, CN = 8) and Ce3+ (r = 1.14 Å, CN = 8) are
similar to those of Ca2+ (r = 1.12 Å, CN = 8), it is de-
duced that Tb3+ and Ce3+ tend to be incorporated into
the Ca2+ position. The introduction of radius percent-
age difference (Dr) provides a theoretical basis for the
ion substitution inference and can be calculated by the
following equation:

Dr =
Rm(CN) − Rd(CN)

Rm(CN)
(1)

where Rm(CN) and Rd(CN) are radii of the substituted
and original ions in the matrix (for the corresponding
coordination number, CN), respectively. The calculated
Dr values for Ca2+/Tb3+ and Ca2+/Ce3+ are 7.69% and
1.75%, respectively, both below 30%, suggesting that
Tb3+ and Ce3+ can easily replace Ca2+ in the wollas-
tonite matrix.

After the doping with Tb3+/Ce3+ and Li+ ions, both
the broadening of diffraction peaks and the reduction
of intensity are observed. The phenomenon may be

Figure 2. X-ray diffraction patterns of wollastonite based
phosphors: a) xTb3+/xLi+ (0 ≤ x ≤ 0.15), b) yCe3+/yLi+

(0 ≤ y ≤ 0.10) and c) xTb3+/0.06Ce3+/xLi+ (0 ≤ x ≤ 0.09)
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Figure 3. SEM images of natural wollastonite (a) 0.12Tb3+/0.12Li+ co-doped (b) and 0.06Ce3+/0.06Li+ co-doped samples (c), as
well as EDS mapping of Ca, Si, O, Al, Mg, Tb and Ce in 0.12Tb3+/0.06Ce3+/0.12Li+ co-doped wollastonite sample (d1-d7)

caused by the infiltration of the doped ions which can
degrade the crystallinity of the wollastonite mineral. Al-
though there is no detectable impurity peaks, the diffrac-
tion peaks obviously shift towards higher diffraction an-
gles (Fig. 2). In the case of Tb3+/Li+ co-doped wollas-
tonite phosphors with Tb3+/Li+ content 0 ≤ x ≤ 0.15,
both radii of Tb3+ and Li+ are smaller than that of
Ca2+ ions, which results in lattice contraction accord-
ing to the Bragg formula 2d sin θ = nλ [23]. Thus,
higher doping concentration of smaller ions resulted in
more significant shifts toward higher diffraction angles.
For the Ce3+/Li+ co-doped wollastonite phosphors with
Ce3+/Li+ content 0 ≤ y ≤ 0.10, where Ce3+ ions are
slightly larger than Ca2+ ions and with presence of much
smaller Li+ ions, lattice shrinks and the corresponding
displacement of crystalline diffraction peaks are also ob-
served (Fig. 2).

3.2. Microstructure characterization

The representative natural wollastonite matrix and
the co-doped wollastonite phosphors were characterized
by SEM technique. It can be seen from Fig. 3a that the
natural wollastonite powder has both needle-like micro-
rods and some finer aggregated particles. The coarse mi-
crorods exhibit diameter around 10 µm and several tens
of micrometers in length, and the grain size of finer par-
ticles is between a few microns and dozens of microns.
From Figs. 3b and 3c it is clear that the proportion of
finer particles increases significantly after the introduc-

tion of Tb3+/Ce3+ in wollastonite structure. The finer
particles may be caused by the generation of fragments
during ball-milling process. On the other hand, the infil-
tration of Tb3+/Ce3+ ions into wollastonite matrix could
also broke the needle-like microrods into finer pieces.
This is consistent with the decreasing and broadening
of XRD peaks (Fig. 2), which means the decreasing of
mineral crystallinity and crystallite size. To study the
distribution of the doped Tb3+/Ce3+ ions in the micro-
sphere, the EDS mappings of elements are given in Fig.
3d. It can be seen that the product has seven elements,
namely Ca, Si, O, Al, Mg, Tb and Ce, which are evenly
distributed in the sample.

3.3. Optical properties - Tb3+/Li+, Ce3+/Li+ samples

Figure 4 shows excitation and emission spectra of the
Tb3+/Li+ and Ce3+/Li+ co-doped phosphors. The exci-
tation spectrum (Fig. 4a) of the 0.06Ce3+/0.06Li+ co-
doped wollastonite phosphor was monitored at 420 nm.
A broad excitation band ranging from 200 nm to 400 nm
with intense peaks at 254, 284 and 352 nm is observed,
which is due to the 5d → 4 f transition of Ce3+ ion [24].
The emission spectrum in range from 340 to 500 nm,
obtained under 352 nm excitation, is shown in Fig, 4
and has a band centred at 382 nm. Ce3+ has an electron
configuration of [Xe]4 f 8 and its orbital energy can be
divided as ground energy levels of 7F j ( j = 1–6) and
excited levels of 5D3 and 5D4.

The excitation spectrum (Fig. 4c) of the

398



X. Yu et al. / Processing and Application of Ceramics 18 [4] (2024) 395–404

Figure 4. Excitation (a) and emission (b) spectra of 0.06Ce3+/0.06Li+ co-doped wollastonite phosphor. Excitation (c) and
emission (d-f) spectra of 0.12Tb3+/0.12Li+ co-doped wollastonite phosphor under different monitor wavelength

0.12Tb3+/0.12Li+ co-doped wollastonite phosphor
monitored at 545 nm displays strong excitation in 200–
270 nm range peaked at 237 and 254 nm, corresponding
to the spin allowable 4 f –5d absorption of Tb3+. The
remaining peaks at 320, 342, 370 and 397 nm should
be assigned to the intra-4 f 8 transitions of 7F6-5D0,
7F6-5G2, 7F6-5G6 and 7F6-5D2, respectively [25].

A comparison of luminescence character of the
0.12Tb3+/0.12Li+ co-doped wollastonite phosphor un-
der 254, 342 and 397 nm excitation wavelengths is
shown in Figs. 4d-f, respectively. As it can be seen,
the sample exhibits two sets of emission bands under
254 nm excitation. The emission peaks at 490, 545, 588
and 620 nm are ascribed to the 5D4-7FJ (J = 6, 5, 4,
3) transitions, while the emission peaks at 428, 455 and
466 nm are attributed to the 5D3-7FJ (J = 5, 4, 3) tran-
sitions of Tb3+ ions [26]. Different from the emission
of Tb3+ in other phosphors based on synthetic matrix,

the 588 and 620 nm peaks in present work are both rel-
atively high, the intensity of which reach almost that of
the main peak at 545 nm. In the case of 342 nm excita-
tion, the 5D3-7FJ (J = 5, 4, 3) transitions of Tb3+ are
not observed. Noteworthy is that despite of the 5D4-
7FJ (J = 6, 5, 4, 3) transitions at 490, 545, 588 and
620 nm, two minor emission peaks at 520 and 650 nm
appear, which are usually reported as the emission of
Eu3+ emission centres. Though the elements present in
the wollastonite matrix confirmed that the raw materials
used in this study naturally exist in low-grade impurity
contents, the spectra difference may be caused by the
minor amount of impurity ions. Under 397 nm excita-
tion (Fig. 4f), the emission spectrum is consisted of both
the strong 5D3-7FJ emission band located at 428 nm and
the 5D4-7FJ peaks at 490 and 545 nm. In addition, one
should notice that the intensity of 5D3-7FJ transition is
much stronger than that of the 5D4-7FJ transition. The

Figure 5. Emission spectra of yCe3+/yLi+ co-doped (a) and xTb3+/xLi+ co-doped wollastonite phosphors (b) as well as
concentration-dependent intensity of 545, 578 and 620 nm emission peaks of Tb3+ ions (c)
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above findings imply that the Ce3+/Tb3+ doped phos-
phors can be properly excited by a UV/near-UV LED
chip. Besides, 254 and 342 nm excitations are effective
for 5D4-7FJ (J = 6, 5) transitions, while the 397 nm UV
light is more efficient for the 5D3-7FJ transitions of Tb3+

ions.
The luminescence property of a phosphor depends

on the concentration of doped ions inside it. It can be
clearly observed from Fig. 5a that the variation of Ce3+

concentration causes variation in the emission intensi-
ties, but the profile of the spectra remains invariant. As
the doping concentration of Ce3+ ions increases from
0.02 to 0.06, the emission intensity enhances and it
becomes optimal at y = 0.06. Further increase in the
doping value from 0.06 to 0.10 reduces the emission
intensity because of the concentration quenching ef-
fect. In case of the xTb3+/xLi+ co-doped wollastonite
phosphors, when Tb3+ doping concentration increases
from 0.03 to 0.12, the intensity enhances but the spectra
shapes remain the same (Fig. 5b). However, with fur-
ther increase of x value above 0.12, the peak at 545 nm
decreases, while the peak at 578 nm appears and in-
creases gradually. The emission intensities of 545, 578
and 620 nm peaks are plotted versus the Tb3+ concen-
tration, which are shown in Fig. 5c. It is obvious that
the G/Y (green to yellow) ratio continuously decreases,
resulting in the change of emission colour from green to

yellow. The corresponding digital photos under 365 nm
lamp are also given in Fig. 5c and it can be seen clearly
that the colour change from blue-green to yellow with
the increase of Tb3+ ions. Generally, the 5D4 →

7F4

and 5D4 →
7F3 transitions of Tb3+ at 586 and 620 nm

are very weak. Presently, the ratio of 586 and 620 nm
band intensities to the intensity of 545 nm band is rel-
atively high in the natural xTb3+/xLi+ co-doped wol-
lastonite phosphors. Besides, the 578 nm yellow emis-
sion band is usually reported as 4T1-6A1 spin flip transi-
tion within the d-electrons of Mn2+ ion. Thus, it can be
concluded that natural wollastonite does contain trace
amounts of Mn element, which cannot emit strong light
due to lower content or uneven distribution. However,
in the sample with higher Tb3+ concentration, the en-
ergy transfer process between Tb3+

→ Mn2+ happens
simultaneously, resulting in the appearance of 578 nm
emission and the superposition of emission spectra be-
tween Tb3+ and Mn2+ in the range of 580–650 nm. Sim-
ilar phenomenon (Tb3+

→ Eu3+) has also been reported
by Halmurat et al. [27] in Tb3+ doped natural sodium
feldspar.

3.4. Optical properties - Tb3+/Ce3+/Li+ samples

Figure 6a shows the excitation spectrum of the
Tb3+/0.06Ce3+/Li+ co-doped wollastonite phosphors
with Tb3+/Li+ content x = 0.01, 0.03, 0.05, 0.07 and

Figure 6. Excitation (a) and emission spectra (b) dependence of Ce3+ emission, Tb3+ emission and energy transfer efficiency on
Tb3+ concentration (c) and CIE chromaticity coordinates (d) of xTb3+/0.06Ce3+/xLi+ phosphors
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0.09 monitored at 545 nm. Despite the intense excita-
tion peaks at 237 and 254 nm in O2 – -Tb3+ charge trans-
fer zone, this excitation spectrum includes the broad
band of Ce3+ between 300–400 nm and the sharp peaks
of Tb3+ at 342, 370 and 397 nm. Therefore, there is a
superposition of excitation spectra between Ce3+ and
Tb3+ in the range of 300–400 nm. Figure 6b demon-
strates the emission spectra of the Tb3+/0.06Ce3+/Li+

co-doped wollastonite phosphors with Tb3+/Li+ content
x = 0.01, 0.03, 0.05, 0.07 and 0.09 on 342 nm excitation.
Noteworthy is that in the Tb3+/0.06Ce3+/Li+ co-doped
phosphor, the 578, 586 and 626 nm emission peaks are
relatively weak compared to the Tb3+/Li+ doped sam-
ple. The energy transfer process between Tb3+

→Mn2+

may be interrupted by Ce3+ ions to a certain extent. Be-
sides, we can find that the emission peak of Ce3+ shifts
from 382 to 425–430 nm. Simultaneously, the intensity
of Ce3+ decreases and the Tb3+ ions increases gradually
with the increasing of Tb3+ from x = 0.01 to 0.05, indi-
cating that the energy of Ce3+ is transferred to Tb3+ ions,
as reported in many references. Thus, Ce3+ can have a
key role in the Tb3+ luminescence sensitization due to
the f-d transition. However, when the Tb3+ concentra-
tion is higher (x > 0.05), both Ce3+ and Tb3+ emission
intensity decrease significantly, which may be caused by
the concentration quenching effect.

The energy transfer efficiency (ηT ) is calculated
based on the variation of emission intensity of Ce3+ by
the following equation [28]:

ηT = 1 −
IS

IS 0

(2)

where IS 0 and IS represent the emission intensity of
Ce3+ at the strongest peak (425 nm) in the absence and
the presence of Tb3+, respectively. Figure 6c depicts
Ce3+ and Tb3+ relative emission intensities and the val-
ues of energy transfer efficiency from Ce3+ to Tb3+

ions in the xTb3+/0.06Ce3+/xLi+ co-doped wollastonite
phosphors. With the increase of Tb3+ concentration, the
emission intensity of sensitizer Ce3+ decreases and in-
tensity of activator Tb3+ increases gradually, besides the
energy transfer efficiency increases gradually. The max-
imum value of energy transfer efficiency reaches 62.5%
at x = 0.05.

The chromaticity coordinates of the
xTb3+/0.06Ce3+/xLi+ co-doped wollastonite phos-
phors with Tb3+/Li+ content x = 0.01, 0.03, 0.05, 0.07
and 0.09 according to the Commission Internationale
de L’Eclairage (CIE) are given in Table 2 and Fig. 6d. It
is clear that the Ce3+/Li+ co-doped sample appears blue
and the chromaticity coordinates are located at (0.1384,
0.0567). Following the increasing Tb3+ concentration,
the colour coordinates change from (0.1384, 0.0567)
to (0.2196, 0.2083). Correspondingly, the emitted light
also changed from blue to cyan to green. These results
show that the obtained samples exhibit the advantages
of polychromatic emission in the visible region.

3.5. Temperature dependent luminescence study

The thermal-quenching behaviour of the phosphors
is an important issue to be studied, considering the high
temperature environment when the LED device is work-
ing. Therefore, the thermal stability of the Ce3+/Tb3+

doped phosphor is measured. As shown in Fig. 7a, the
0.06Ce3+/0.06Li+ co-doped wollastonite phosphor ex-
hibits excellent thermal stability. With the temperature
increase from 298 to 498 K under 352 nm excitation,
the spectral shape and peak position do not change, but
the emission intensity decreases slightly. The intensity
retains 96.2% of the original value when the temper-
ature is increased to 498 K, which surpasses plenty of
reported Ce3+-activated blue phosphors.

In contrast, the 0.12Tb3+/0.12Li+ co-doped wollas-
tonite phosphor exhibits complex thermal behaviour, as
shown in Fig. 7b. With the increase of temperature from
298 to 448 K, the emission intensities of the bands cen-
tred at 588 and 620 nm decrease gradually and reach
63.4% and 56.6% of that at 298 K, respectively. Sur-
prisingly, the 545 nm peak exhibits continuous emission
enhancement up to 120.3% of that at room tempera-
ture when temperature is raised to 448 K, after which
it decreases slightly. This intensity enhancement phe-
nomenon caused by the increase of temperature is called
thermal anti-quenching performance. One of the widely
accepted thermal quenching mechanisms is that excited
electrons transition through the intersection between the
ground and excited states in the configuration coordi-
nate diagram to ground state via absorbing the thermal
energy. Note that the different thermal stability of differ-
ent emission peaks presently would cause great change
in chromaticity coordinate of the 0.12Tb3+/0.12Li+ co-
doped wollastonite phosphor, which seriously restricts
the development of the phosphor.

Usually, the intensity of the phosphor will be
quenched at high temperature due to the non-
radiative transition. The first zero-thermal-quenching
Na3Sc2(PO4)3:Eu2+ phosphor and the correspond-
ing mechanism were reported by Kim et al. [29].
Thermal anti-quenching of Tb3+-activated green
phosphors were also reported previously, such as
Zn3(BO3)(PO4):Mn2+,Tb3+ and Sr8ZnSc(PO4)7:Tb3+

[30,31]. In Zn3(BO3)(PO4):Mn2+,Tb3+ phosphor, the
emission intensity of Mn2+ and Tb3+ all represent
zero thermal quenching till the temperature increased
to 200 and 150 °C, respectively. As explained, the
reason was that shallow defect is induced through rare

Table 2. CIE chromaticity coordinates of
xTb3+/0.06Ce3+/xLi+ co-doped wollastonite phosphors

Sample Excitation [nm] CIE (x,y)
Wo 342 (0.1384, 0.0567)

Wo-Ce/Tb-0.01 342 (0.1809, 0.1035)
Wo-Ce/Tb-0.03 342 (0.1896, 0.1507)
Wo-Ce/Tb-0.05 342 (0.2196, 0.2083)
Wo-Ce/Tb-0.07 342 (0.1964, 0.1348 )
Wo-Ce/Tb-0.09 342 (0.1989, 0.1448)
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Figure 7. Fluorescence spectra of: a) 0.06Ce3+/0.06Li+, b) 0.12Tb3+/0.12Li+ and c) 0.12Tb3+/0.12Li+/0.06Ce3+ co-doped
wollastonite phosphors at different temperatures. The Arrhenius ln[(I0/I) − 1] verses 1/KT plot of: d) 0.06Ce3+/0.06Li+,

e) 0.12Tb3+/0.12Li+ and f) 0.12Tb3+/0.06Ce3+/0.12Li+ co-doped wollastonite phosphors

earth ions (Mn2+/Tb3+) doping where the transfer of
electron and hole from defect level to activator ions
can compensate the emission loss induced by non-
radiative transitions, sustaining the emission intensity
as temperature increased. For the Sr8ZnSc(PO4)7:Tb3+

sample, the authors also proposed that defect cluster
Tb •

Zn + VZn
′′ + VO traps would be generated with

different depths, when larger Tb3+ ions occupy smaller
Zn2+ ion sites. Zero-thermal-quenching performances
are attributed to the compensation of the emission
intensity loss by carriers from various depths at dif-
ferent ambient temperatures. Presently, as compared
to synthetic host material, the natural wollastonite
induces various intrinsic structural defects, such as
point defects, dislocations, grain boundaries, and edges
because of impurity ions and metallogenic stress, which
can act as different traps and capture electrons and
holes. On the other hand, the size mismatch between
Tb3+, Li+ and Ca2+ can also generate cation disorder,
resulting in the appearance of traps. Under 342 nm
excitation, the electrons at the ground state were excited
to the 5L10 energy level of the Tb3+ ion; then, they
exhibited non-radiative transition to the 5D4 energy
level and subsequently relaxed to the 7FJ energy levels
by generating 5D4-7FJ green emissions. Some excited
electrons could jump into the conduction band with the
assistance of thermal disturbances and subsequently
were captured by the defect traps. Meanwhile, the
captured electrons in different defect trap depths were
easily released to the 5D4 energy level of Tb3+ at
different ambient temperatures, thus compensating for
the luminous intensity loss due to their close proximity
to each other. The release of electrons from the traps to

the 5D4 energy level of Tb3+ dominated the compensa-
tion of intensity for the luminescence stability at high
temperature. The detailed carrier capture and release
processes are illustrated in the schematic diagram of
the 0.12Tb3+/0.12Li+ co-doped wollastonite phosphor
in Fig. 8.

It is interesting that the co-doping of Ce3+ ions
changed the thermal behaviour of Tb3+ ions. For
the 0.12Tb3+/0.06Ce3+/0.12Li+ co-doped wollastonite
phosphor, the thermal loss of the 425 nm blue emis-
sion of Ce3+ has not changed much compared to the
0.06Ce3+/0.06Li+ co-doped wollastonite sample. How-
ever, the 490 nm emission of Tb3+ showed a mono-
tonic decrease, and that of the 545, 588 and 620 nm
of Tb3+ all exhibited a tendency to increase firstly and
then decrease, whose emission intensity at 473 K main-

Figure 8. Schematic illustration of the proposed excitation
mechanism of Tb3+/Li+ co-doped wollastonite phosphor
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tained 78.3%, 83.5% and 92.6% compared to that at
298 K. Interestingly, not only the energy transfer from
Ce3+ ions to Tb3+ ions did not happen at higher tem-
perature, but also the co-doping of Ce3+ ions resulted
in a pronounced reduction of Tb3+ intensity, compared
with the 0.12Tb3+/0.12Li+ co-doped wollastonite sam-
ple. According to the previous study, the thermal stabil-
ity of Tb3+ was usually improved after the incorpora-
tion of Ce3+ ions, such as SrMg1.06Al9.94O17:Tb3+ [24].
Presently, we propose that the introduction of larger
Ce3+ ions compensates the radius diversity between
Tb3+, Li+ and Ca2+, thus the number of various defects
may be reduced. On the other hand, the reason may be
connected to the immediate recombination of the elec-
trons with: i) Ce3+ ions and releasing photons, and ii) re-
combination with trapped holes and releasing phonons.
As a result, the number of electrons in the conduction
band, which might be captured by different traps de-
creases causing a strong reduction of thermolumines-
cence intensity. However, a more in-depth study is still
needed in future.

The activation energy (Ea) of thermal quenching pro-
cess for the samples could be calculated by fitting the
thermal quenching data of PL intensity using the fol-
lowing Arrhenius equation [32]:

IT = I0

[

1 +C · exp
(

−
∆E

K · T

)]−1

(3)

where I0 is the initial fluorescence intensity, IT is
the fluorescence intensity at different temperatures, ∆E

is the activation energy of quenching, C is a con-
stant, K is Boltzmann’s constant (8.617 × 10−5 eV)
and T is temperature. Figures 7d-f show straight
lines, obtained by fitting the data presented in Fig.
7a-c. The calculated thermal quenching activation
energies of the 0.06Ce3+/0.06Li+, 0.12Tb3+/0.12Li+

and 0.12Tb3+/0.06Ce3+/0.12Li+ co-doped wollastonite
phosphors are 0.2014, 0.1585 and 0.1558 eV, respec-
tively. Generally speaking, the higher the value of the
activation energy, the better the thermal stability of the
phosphor. The results show that the phosphors have
good thermal stability and they can be used in high
power LED applications.

IV. Conclusions

In this work, xTb3+/xLi+, yCe3+/yLi+ and
xTb3+/Ce3+/xLi+ co-doped natural wollastonite phos-
phors were prepared by high temperature solid state
thermal diffusion method at 1150 °C for 2 h in vacuum
furnace. Ce3+ ions occupy the eight-coordinated Ca2+

site and emit intense purple blue light centred at 382 nm,
which can be excited both at 284 and 352 nm. Tb3+ ions
also substitute Ca2+ and emit green to yellow light de-
pending on the various doping contents, because of the
energy transfer from Tb3+ to minor amount of impurity
Mn2+ existing in the natural wollastonite matrix. More-

over, there is energy transfer from Ce3+ to Tb3+ in the
xTb3+/0.06Ce3+/xLi+ co-doped wollastonite phosphors
with Tb3+/Li+ content x = 0.01, 0.03, 0.05, 0.07 and
0.09, which can generate a colour-tuneable light. The
temperature dependent photoluminescence within the
temperature range of 298–498 K demonstrates that the
emission intensity of the 0.06Ce3+/0.06Li+ co-doped
wollastonite at 498 K retains 96.2% of that at room
temperature. Anti-thermal-quenching phenomenon in
the 0.12Tb3+/0.12Li+ co-doped wollastonite phosphor
is observed owning to the traps induced by the doped
ions and defect of natural mineral matrix.
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