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Strengthening the non-pre-irradiated near-
infrared mechanoluminescence of CaZnOS:Nd3+

by Mn2+ coactivation for biomechanical imaging†

Jianxiong Lei, Wei Li, Yiqian Tang, Yiyu Cai, Shanshan Wang,* Kunpeng Dou and
Jun-Cheng Zhang *

The development of lanthanide-activated CaZnOS mechanoluminescent (ML) phosphors that can

produce non-pre-irradiated mechanoluminescence (ML) in the near-infrared (NIR) region opens a new

avenue for in vivo and in situ biomechanical imaging. However, the progress in obtaining NIR ML images

with a high signal-to-background ratio (SBR) has been constrained by the difficulties in achieving intense

NIR ML. In this paper, we report a Mn2+-coactivation induced dual sensitization strategy that combines

host sensitization with dopant sensitization to enhance the NIR ML of CaZnOS:Nd3+. Systematic

characterization of the CaZnOS:Nd3+,Mn2+ series reveals that the enhanced NIR ML arises from the

energy transfer from the host to Mn2+ to Nd3+, which involves the Mn2+-doping strengthened host

excitation and the resonant energy transfer from Mn2+ to Nd3+. We demonstrate that the developed

CaZnOS:Nd3+,Mn2+ phosphor greatly enhances the transient intensity of the NIR ML response and the

SBR value of NIR ML images through a series of NIR ML penetration experiments on chicken breast and

human cheek. In particular, the transient NIR ML response to dental occlusion is improved by 368%,

while the SBR value of NIR ML penetrating the human cheek is improved from 1.25 to 2.1. Our results

are expected to provide new insights into the development and optimization of non-pre-irradiated NIR

ML phosphors, and further to advance the applications of NIR ML phosphors with an intense emission

for high SBR biomechanical imaging.

Introduction

Mechanoluminescent (ML) materials are a class of energy conver-
sion phosphors that can convert mechanical energy into light
emission.1,2 Over the past two decades, ML materials with intense
emission and quantitative mechanical-to-optical conversion have
been rapidly developed.1,6 The existing ML materials can emit
different colors in the visible region, with the representative ones
including ZnS:Co2+,Ag+ (blue),7 CaZr(PO4)2:Eu2+ (cyan),8 BaSi2O2-

N2:Eu2+ (blue-green),9 SrAl2O4:Eu2+ (green),6 ZnS:Mn2+ (yellow),5

ZnS:Cu (orange),10 and NaNbO3:Pr3+ (red).11 These materials have
been fabricated into various stress sensors and stress-driven
light sources, showing promising applications in many fields, such
as stress distribution visualization,12–14 structural health
diagnosis,15–17 lighting,18,19 display,20–22 anti-counterfeiting,23–25

sono-optogenetics,7,26,27 and device operation.28 Despite

remarkable achievements in visible ML materials, ML materials
in the near-infrared (NIR) region (B700–2500 nm) are still
lacking, even though the growing demand for the emerging
applications in biomechanical imaging (that is, in vitro visualiza-
tion of the mechanical property distributions of tissues in vivo and
in situ).29–31 A few NIR ML materials have been reported in recent
years, including Sr3Sn2O7:Nd3+, SrAl2O4:Eu2+,Cr3+,Nd3+, LiN-
bO3:Nd3+ and SrGa12O19:Cr3+.32–35 However, due to the trap-
controlled ML features,1–4 these materials face the obstacle of
requiring pre-irradiation charging prior to use. Once placed inside
an organism, such trap-controlled ML materials cannot be easily
recharged by external photoexcitation (e.g., ultraviolet light).7,28

Therefore, research and development of NIR ML materials that do
not require pre-irradiation charging is urgent for biomechanical
imaging of deep tissues.

The family of CaZnOS-based phosphors is the only class of
ML materials found to date that can emit NIR ML under non-
pre-irradiated conditions.1–4 In 2013, the first ML material of
this family, CaZnOS:Mn2+, was reported.36 Since then, CaZnOS-
based phosphors have attracted increasing attention due to two
unique ML characteristics.37–43 One is that the ML generation
of CaZnOS-based phosphors can be achieved without requiring
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pre-irradiation charging,44–47 which is convenient for in vivo
use. Another is that the CaZnOS host can be activated by a
variety of luminescent ions, including transition metal ions
(Mn2+, Cu2+, and Bi3+) and lanthanide ions (Ln3+ = Pr3+, Nd3+,
Sm3+, Eu3+, Tb3+, Dy3+, Ho3+, Er3+, Tm3+, and Yb3+), producing
tunable ML across the visible and NIR regions.47–49 Among
them, Nd3+, Ho3+, and Er3+ are the NIR activators, rendering
CaZnOS particularly useful for biomechanical imaging.50,51 A
typical application of non-pre-irradiated NIR ML is the recent
report that CaZnOS:Nd3+ was used to monitor the severity of
artificial cardiovascular occlusion and hypertension in rats by
in vitro imaging.52 However, due to the intrinsic characteristics
of Ln3+ ions, a small absorption cross-sectional area and a parity-
forbidden 4f transition,53,54 the NIR ML intensity of Ln3+-activated
CaZnOS is currently limited at a low level, far from enabling
biomechanical imaging with a high signal-to-background ratio
(SBR).32,52 To improve the ML intensity of CaZnOS-based phos-
phors, flux-assisted solid-state reactions were developed to
increase the crystallinity of the materials and the doping concen-
tration of the activators.47,55 Despite being effective, the materials
synthesized by this approach are still insufficient to achieve high
SBR for biomechanical imaging. Therefore, strengthening the NIR
ML intensity of non-pre-irradiated ML materials (e.g., CaZ-
nOS:Nd3+) and further achieving a high SBR for biomechanical
imaging remain a great challenge.

Herein, we present a Mn2+-coactivation strategy that com-
bines host sensitization with dopant sensitization to enhance
the NIR ML of CaZnOS:Nd3+ (Fig. 1). The use of a Mn2+ co-
activator is inspired by advances in bandgap engineering and
photoluminescence (PL).37,56 First, Mn2+ doping can reduce the
optical bandgap of CaZnOS,37 which is expected to improve the
marginal energy transfer from the host to the doped activators
(Fig. 1(b)). Second, there is a spectral overlap between the PL
emission spectrum of CaZnOS:Mn2+ (including the
4T1(4G)–6A1(6S) transition of Mn2+ and a weak host emission
at B520 nm) and the PL excitation spectrum of CaZnOS:Nd3+

(including the 4I9/2–4G9/2, 4I9/2–4G7/2, 4I9/2–2G7/2, 4I9/2–4G5/2,
4I9/2–4F9/2 and 4I9/2–4F7/2 transitions of Nd3+) (Fig. 1(a)), which
provides a precondition for the energy transfer from Mn2+ to
Nd3+. It should be noted that to the best of our knowledge, the
sensitization strategy has never been evaluated in non-pre-
irradiated ML materials, although it is commonly used for PL
materials. We demonstrate that the superposition of the dual
sensitization effects greatly enhances the NIR ML (900–
1200 nm in NIR-I and NIR-II) of CaZnOS:Nd3+, and further
investigate the underlying mechanism of increase. We also
demonstrate that the use of the developed CaZnOS:Nd3+,Mn2+

phosphors can greatly improve the transient intensity of the
NIR ML responses and enhance the SBR values of NIR ML
images in biomechanical imaging.

Results and discussion

As a proof-of-concept experiment, we prepared a series of Nd3+ and/
or Mn2+ doped CaZnOS phosphors using solid-state chemistry. The

general chemical formula of the target phosphors is
Ca1�xNdxZn1�yMnyOS (x = 0, 0.005; y = 0, 0.001, 0.003, 0.005,
0.007, and 0.01), abbreviated as CaZnOS:100x%Nd,100y%Mn.
Unless otherwise stated, CaZnOS:Nd3+ refers to CaZnOS:0.5%Nd,
and CaZnOS:Nd3+,Mn2+ refers to CaZnOS:0.5%Nd,0.5%Mn. The X-
ray diffraction patterns exhibit that the synthesized phosphors
belong to the hexagonal CaZnOS phase (space group P63mc) (Fig.
S1, ESI†).37,39

The synthesized phosphors were next incorporated into
composite disks and examined under mechanical stress. Both
ML spectra and transient NIR ML responses were collected to
systematically evaluate the ML properties. Notably, the main
ML peaks of the CaZnOS:Nd3+,Mn2+ series are located in the
range of 500–1200 nm, and it is difficult to obtain ML spectra in
this range with only one detector under the existing experi-
mental conditions. Therefore, we used two CCD detectors in
the ML tests. A silicon-based CCD detector was used to collect
ML spectra in the range of 500–1000 nm containing visible ML
emission of Mn2+ (4T1(4G)–6A1(6S)) and NIR emission of Nd3+

(4F3/2–4I9/2). An InGaAs-based CCD detector was used to collect
ML spectra in the range of 900–1200 nm containing two NIR
ML emissions of Nd3+ (4F3/2–4I9/2 and 4F3/2–4I11/2). In addition,
we used a NIR single photon counting system (spectral
response of 950–1700 nm and gate time of 20 ms) to capture
the transient signals of the NIR ML in response to dynamic

Fig. 1 Rational design of energy transfer to enhance the NIR ML of
CaZnOS:Nd3+. (a) PL excitation and emission spectra of CaZnOS:Mn2+

(top) and CaZnOS:Nd3+ (bottom). (b) Schematic illustration of the bandgap
engineering and energy transfer pathway of ML in CaZnOS:Nd3+,Mn2+. VB:
valence band; CB: conduction band.
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mechanical stimulation. To the best of our knowledge, there is
no report on the transient ML responses of non-pre-irradiated
NIR ML materials.47,50–52

We first performed a compression-induced ML test. As
expected, Mn2+ doping significantly increases the NIR ML
intensity and the SBR values of the NIR ML images. The ML
spectra collected in the range of 500–1000 nm show that Mn2+

doping not only activates the CaZnOS:Nd3+ phosphor to exhibit
visible ML from Mn2+, but also enhances the NIR ML from Nd3+

(Fig. 2(a) and Fig. S2, ESI†). The NIR ML intensity of Nd3+ and
the visible ML intensity of Mn2+ show similar trends to the
Mn2+ concentration, and both reach the optimal ML intensity at
0.5%Mn2+ doping (Fig. 2(b and c)). The results suggest that the
enhancement of the NIR ML of Nd3+ is closely related to doping
of Mn2+. The ML spectra of Nd3+ collected in the range of 900–
1200 nm exhibit that Mn2+ doping effectively enhances the two
characteristic emissions of Nd3+ in the NIR-I region (4F3/2–4I9/2,
850–1000 nm) and the NIR-II region (4F3/2–4I11/2, 1000–
1200 nm) (Fig. 2(d)). The transient responses of the NIR ML
were also successfully collected during the dynamic compres-
sion–release process (Fig. 2(e)). The result shows that the

transient intensity of the NIR ML of CaZnOS:Nd3+,Mn2+ is
linearly related to the applied compressive load, which can be
used as a stress sensor. Moreover, the transient intensity of the
NIR ML is greatly enhanced throughout the compression–
release process, increasing by 256% at the peak loading of
1000 N (Fig. 2(e)). The NIR ML photographs were taken on a
NIR camera. The photograph of CaZnOS:Nd3+,Mn2+ taken at
the peak loading of 1000 N shows brighter NIR ML spots than
that of CaZnOS:Nd3+ (insets of Fig. 2(e)). The SBR values of the
NIR ML photographs are 2.38 for CaZnOS:Nd3+ and 13.42 for
CaZnOS:Nd3+,Mn2+, showing an increase of 464% (Fig. S3,
ESI†). These results indicate that Mn2+ coactivation effectively
increases the SBR of the NIR ML of CaZnOS:Nd3+ in the
compressive test.

We also performed a friction-induced ML test to further
confirm the validity of Mn2+ doping in enhancing NIR ML. The
ML spectra collected in the range of 500–1000 nm show that the
NIR ML of Nd3+ is significantly improved by Mn2+ doping
(Fig. 3(a) and Fig. S4, ESI†). The NIR ML intensity of Nd3+

and the visible ML intensity of Mn2+ show similar trends to the
Mn2+ concentration, both reaching the maximum at 0.5%Mn2+

Fig. 2 Enhanced NIR ML of CaZnOS:Nd3+ by Mn2+ doping in the compressive test (load of 0–1000 N with a deformation rate of 5 mm min�1). (a) ML
spectra of CaZnOS:Nd3+,Mn2+ series collected in the range of 500–1000 nm. (b) and (c) Integrated ML intensity of Nd3+ (b) and Mn2+ (c) as a function of
Mn2+ concentration in CaZnOS:Nd3+,Mn2+. (d) Compression-induced ML spectra of CaZnOS:0.5%Nd3+ and CaZnOS:0.5%Nd3+,0.5%Mn2+. (e) Transient
NIR ML responses of CaZnOS:0.5%Nd3+ and CaZnOS:0.5%Nd3+,0.5%Mn2+ during the compression-release process. The inset shows the compression-
induced NIR ML images of CaZnOS:0.5%Nd3+ (bottom) and CaZnOS:0.5%Nd3+,0.5%Mn2+ (top). Scale bars: 3 mm.
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doping (Fig. 3(b and c)). The ML spectra collected in the range of
900–1200 nm show that the characteristic emissions of Nd3+ are
significantly enhanced by Mn2+ doping (Fig. 3(d)). The recorded
transient ML signals indicate that the NIR ML of CaZ-
nOS:Nd3+,Mn2+ has a fast linear response to the friction stimu-
lation, and the transient intensity of the NIR ML of
CaZnOS:Nd3+,Mn2+ is significantly higher than that of CaZ-
nOS:Nd3+ during the whole friction process (Fig. 3(e) and
Fig. S5, ESI†). These results are consistent with those obtained
in the compression test, indicating that Mn2+ doping is an effective
means to enhance the NIR ML of CaZnOS:Nd3+ under different
mechanical stimuli. These results also suggest that the ML of
CaZnOS-based phosphors induced by compression and friction
may have a consistent mechano-optical conversion pathway.

To investigate the underlying mechanism of the NIR ML
enhancement, we measured the reflectance spectra, PL spectra,
and PL decay curves of the as-synthesized phosphor series
(Fig. 4). The main findings include three aspects. First, the
doping of Mn2+ narrows the optical bandgap of CaZnOS:Nd3+.
The reflectance spectra show that the absorption edge of
CaZnOS:Nd3+ is redshifted compared to CaZnOS:Nd3+,Mn2+

(Fig. 4(a)). The estimated results indicate the optical bandgap
decreases from 3.56 eV for CaZnOS:0.5%Nd3+ to 3.43 eV for

CaZnOS:0.5%Nd3+,0.5%Mn2+ (Fig. S6, ESI†). The narrowing of
the bandgap can reduce the energy level mismatch between the
electron–hole recombination of the host and the characteristic
excitation of the activator, thereby improving the marginal
energy transfer from the host to the activator (e.g., Mn2+).
Second, the doping of Mn2+ significantly enhances the host
excitation of Nd3+ emission. Comparison of the PL excitation
spectra of CaZnOS:Nd3+,Mn2+ with different Mn2+ concentrations
shows that the enhancement of NIR emission (850–1200 nm) of
Nd3+ originates from the escalation of the host excitation
(200–340 nm) caused by Mn2+ doping (Fig. S7, ESI†). The PL
emission spectra show that the integrated intensity of the NIR
emission of CaZnOS:0.5%Nd3+,0.5%Mn2+ is 15.85 times higher
than that of CaZnOS:0.5%Nd3+ under the host excitation at
277 nm (Fig. 4(b)). Considering the small absorption cross-
sectional area of Nd3+, we inferred that the excitation energy of
the host should be mainly absorbed by Mn2+, and then Mn2+

transfers energy to Nd3+. Third, Mn2+ transfers energy to Nd3+

through a resonance mechanism. The PL decay curves show
that Mn doping increases the average decay time of the 4F3/2–4I9/2

transition of Nd3+ (Fig. 4(c) and Table S1, ESI†). The average decay
time of Nd3+ emission is extended from 0.829 ms for CaZ-
nOS:0.5%Nd3+ to 1.369 ms for CaZnOS:0.5%Nd3+,0.5%Mn2+. It

Fig. 3 Enhanced NIR ML of CaZnOS:Nd3+ by Mn2+ doping in the frictional test (frictional speed of 100 round min�1 with a load of 5 N). (a) ML spectra of
CaZnOS:Nd3+,Mn2+ series collected in the range of 500–1000 nm. (b) and (c) Integrated ML intensity of Nd3+ (b) and Mn2+ (c) as a function of Mn2+

concentration in CaZnOS:Nd3+,Mn2+. (d) Friction-induced ML spectra of CaZnOS:0.5%Nd3+ and CaZnOS:0.5%Nd3+,0.5%Mn2+. (e) Transient NIR ML
responses of CaZnOS:0.5%Nd3+ and CaZnOS:0.5%Nd3+,0.5%Mn2+ during the frictional on-off process. The inset shows the friction-induced NIR ML
images of CaZnOS:0.5%Nd3+ (bottom) and CaZnOS:0.5%Nd3+,0.5%Mn2+ (top). Scale bars: 3 mm.
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suggests that Nd3+ absorbs additional energy, leading to an increase
in the population of the 4F3/2 level of Nd3+. Furthermore, a control
test monitoring the Mn2+ emission shows that the average decay
time of the 4T1(4G)–6A1(6S) transition of Mn2+ is reduced from
2.584 ms for CaZnOS:0.5%Mn2+ to 2.074 ms for CaZnOS:
0.5%Nd3+,0.5%Mn2+ (Fig. 4(d) and Table S1, ESI†). It suggests that
Mn2+ transfers energy outward, decreasing the population of the
4T1(4G) level of Mn2+. These lifetime-related results confirm that
Mn2+ transfers energy to Nd3+ through a resonant mechanism.57,58

Taken these three findings together, we suggested that the doping
of Mn2+ leads to the energy transfer of host - Mn2+ - Nd3+.
Therefore, the enhancement of the non-pre-irradiated NIR ML of
CaZnOS:Nd3+,Mn2+ could be explained as follows (Fig. 1(b)). Under
the piezoelectric or triboelectric effect induced by mechanical
stimulation, electrons are excited to the conduction band and
simultaneously holes are generated in the valence band. The
electron–hole pairs subsequently recombine and transfer energy
to Mn2+. The narrowing of the bandgap caused by Mn2+ doping
reduces the energy mismatch between the electron–hole recombi-
nation and the high-level excitation of Mn2+ (e.g., 6A1–4T2/4A1), and
thus the energy transfer from the host to Mn2+ is strengthened.
Next, in addition to producing its own emission (i.e., 4T1–6A1), Mn2+

transfers energy to Nd3+ through a resonance process, leading to a
significant enhancement of the NIR ML of Nd3+ (i.e., 4F3/2–4I9/2 and
4F3/2–4I11/2).

To demonstrate the potential application of the developed
CaZnOS:Nd3+,Mn2+ phosphor in biomechanical imaging, we per-
formed imaging experiments with NIR ML penetrating fresh
chicken breast and human cheek (Fig. 5). In the experiments of
mechanical compression and friction, the ML composite pellets
were covered with chicken breasts of different thicknesses
(B2–20 mm), and NIR ML images and spectra were collected by
penetrating the tissues (Fig. S8 and S9, ESI†). The NIR ML images
show that the NIR ML of CaZnOS:Nd3+,Mn2+ has more powerful
tissue-penetration ability compared to CaZnOS:Nd3+ (Fig. 5(a
and d)). The compression- and friction-induced NIR ML of CaZ-
nOS:Nd3+,Mn2+ is clearly imaged through 8 mm and 15 mm chicken
breasts, respectively. In contrast, the penetrable thickness of the NIR
ML of CaZnOS:Nd3+ is only 4 mm and 10 mm, respectively. In the
case of covering with the same thickness of chicken tissues, the SBR
values of the NIR ML images produced by CaZnOS:Nd3+,Mn2+ are
consistently higher than those of CaZnOS:Nd3+ (Fig. S10 and S11,
ESI†). The NIR ML spectra show that the enhanced ability of
biomechanical imaging results from the significant enhancement
of the NIR ML of CaZnOS:Nd3+,Mn2+ (Fig. 5(b,c and e,f)). In the
in vivo experiments, we placed the food-grade insurance film-
wrapped ML composites into a human mouth and gently bit the
ML composites with teeth. The images, spectra and transient
response of NIR ML penetrating the cheek were recorded during
the biting process (Fig. S12, ESI†). The captured images show that

Fig. 4 Mechanistic investigation of energy transfer in CaZnOS:Nd3+,Mn2+. (a) Diffuse reflection spectra of CaZnOS:0.5%Nd3+,0.5%Mn2+ and
CaZnOS:0.5%Nd3+. (b) PL excitation and emission spectra of CaZnOS:0.5%Nd3+,0.5%Mn2+ (top) and CaZnOS:0.5%Nd3+ (bottom) (lex = 277 nm,
lem = 914 nm). (c) PL decay curves and fitted average decay time of Nd3+ emission of CaZnOS:Nd3+,Mn2+ series with different Mn2+ concentrations
(lex = 277 nm, lem = 914 nm). (d) PL decay curves and the fitted average decay time of Mn2+ emission of CaZnOS:0.5%Mn2+ and CaZ-
nOS:0.5%Nd3+,0.5%Mn2+ (lex = 277 nm, lem = 602 nm).
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the NIR ML spots of CaZnOS:Nd3+,Mn2+ are clearly visible with an
SBR value of 2.1, while the image of CaZnOS:Nd3+ is blurred with an
SBR value of only 1.25 (Fig. 5(g and h)). The spectra and transient
signals of the cheek-penetrating NIR ML in response to dental
occlusion show that the intensity of the cheek-penetrating NIR ML
of CaZnOS:Nd3+,Mn2+ is much higher than that of CaZnOS:Nd3+

(Fig. 5(i and j)). The integrated intensity of the NIR ML spectra of
CaZnOS:Nd3+,Mn2+ is 396% higher than that of CaZnOS:Nd3+

(Fig. 5(i)), and the transient intensity of the NIR ML of CaZ-
nOS:Nd3+,Mn2+ at the 1st bite peak is 368% higher than that of
CaZnOS:Nd3+ (Fig. 5(j)). These results confirm that the SBR of
biomechanical imaging is greatly improved by an effective increase
of the NIR ML intensity of the phosphors.

Conclusions

In summary, our investigations on a series of Mn2+ co-activated
CaZnOS:Nd3+ phosphors suggest a dual sensitization strategy

for enhancing the non-pre-irradiated NIR ML. We demonstrate
that the co-activation of Mn2+ produces an energy transfer from
the host to Mn2+ to Nd3+, which involves both host sensitization
strengthened by bandgap engineering and dopant sensitization
via resonance energy transfer from Mn2+ to Nd3+. The devel-
oped CaZnOS:Nd3+,Mn2+ phosphors enable the achievement of
NIR ML images with high SBR in biomechanical imaging,
including penetration of fresh chicken breast and human
cheek. We expect to extend this prototype strategy in further
studies to synthesize non-pre-irradiated NIR ML nanoparticles
with intense emission and advance their applications in in vivo
and in situ biomechanical imaging.

Experimental section
Synthesis

Polycrystalline materials with the chemical formula Ca1-x

NdxZn1-yMnyOS (x = 0, 0.005; y = 0, 0.001, 0.003, 0.005, 0.007,

Fig. 5 Enhanced NIR ML of CaZnOS:Nd3+,Mn2+ for tissue-penetrating detection and biomechanical imaging. (a–c) Experiments on mechanical
compression: images (a), spectra (b) and intensity (c) of the NIR ML of CaZnOS:0.5%Nd3+,0.5%Mn2+ and CaZnOS:0.5%Nd3+ covered with chicken breasts
of different thicknesses (2, 4, 6 and 8 mm). (d–f) Experiments on mechanical friction: images (d), spectra (e) and intensity (f) of the NIR ML of
CaZnOS:0.5%Nd3+,0.5%Mn2+ and CaZnOS:0.5%Nd3+ covered by chicken breasts with different thicknesses (5, 10, 15 and 20 mm). (g–j) Experiments on
dental occlusion: images (g), SBR analysis (h), spectra (i) and transient response to double bites (j) of the NIR ML of CaZnOS:0.5%Nd3+,0.5%Mn2+ and
CaZnOS:0.5%Nd3+ enclosed in the human oral cavity. Scale bars: 5 mm.
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and 0.01), abbreviated as CaZnOS:100x%Nd,100y%Mn, were
synthesized by solid-state chemistry among CaCO3 (Aladdin,
99.99%), ZnS (Aladdin, 99.99%), Nd2O3 (Aladdin, 99.99%),
MnCO3 (Aladdin, 99.95%), and Li2CO3 (Aladdin, 99.99%).
Li2CO3 is used as a flux at 6 wt% addition. The stoichiometric
mixture was thoroughly ground, tableted, and then sintered in
a horizontal tube furnace at 1100 1C for 3 h under an argon
atmosphere. The prepared product was pulverized, ground, and
screened through a 20-mm sieve to microparticles for later use.

Structural and optical characterization

X-ray diffraction measurements were carried out on an X-ray
powder diffractometer (D8 Advance, Bruker AXS GmbH). Dif-
fuse reflectance spectra were measured using an ultraviolet-
visible spectrophotometer (TU-1901, Persee). The excitation
spectra, emission spectra, and decay curves of photolumines-
cence were recorded on a fluorescence spectrometer (FLS-1000,
Edinburgh Instruments Ltd).

Mechanoluminescent characterization

Composite cylinders of 25 mm in diameter and 15 mm in
thickness were prepared by mixing the screened microparticles
with a transparent epoxy resin (SpeciFix, Struers GmbH) at a
1 : 9 weight ratio. Mechanical compression and friction were
applied using a universal testing machine (AGS-X, Shimadzu)
and a friction testing machine (MS-T3001, Lanzhou Huahui),
respectively. ML spectra were recorded with a high sensitivity
spectrometer with a silicon-based CCD detector (QEPro, Ocean
Optics) and a NIR spectrometer with an InGaAs-based CCD
detector (NIRQuest, Ocean Optics). Transient NIR ML signals
were collected with a NIR photon-counting system (H10330C-
75, Hamamatsu Photonics K.K.). NIR ML photographs were
taken with a NIR camera (C12741-03, Hamamatsu Photonics
K.K.). It should be noted that all samples were not pre-
irradiated with a light source prior to ML testing.
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