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Design of Visualized Ratiometric Mechanoluminescent
Materials for High-Resolution Pressure Sensing

Pengfei Zhang, Yuanting Wu,* Ziyi Guo, Yunmei Song, Jingyue Hu, Haojin Liu,

and Lei Zhao*

Optical sensing technology based on mechanoluminescent (ML) materials
offers advantages such as rapid response, real-time monitoring, visual signal
output, and multi-functional sensing, making it promising for various
applications. However, traditional sensing techniques based on the absolute
intensity of ML suffer from issues of low accuracy and large errors, which
have a significant impact on the reliability and visual effectiveness of the
sensor. To address these problems, this study employs a ratiometric ML
pressure sensing method. By utilizing the primary color recognition of human
cone cells, transition metal ion Mn?* and rare earth ion Tb?* are selected as
luminescent centers. The rich intermediate colors ensure a wide range of
colors that are easily distinguishable by the human eye. Through studies
involving mechanical stimulation and similar high-energy radiation, it is
confirmed that the differences in sensitivity between rare earth ions and
transition metal ions, as well as the contributions of shallow trap states, are
the reasons for the dynamic changes in the ratiometric ML intensity. Finally, a
conceptual application of pressure sensing is realized by combining
homogeneous gas compression with pipeline monitoring for dynamic
visualization, self-referencing, and high-precision mechanical sensing.

sensing. These benefits make ML materials
highly suitable for a diverse array of appli-
cations such as stress sensing, structural
crack monitoring, non-contact diagnos-
tics, and wearable technology.'””] Notably,
research in gas pressure sensing using
ML materials has been limited in recent
years. Gas-driven pressure or deformations
provide more uniform and stable sensing
signals, enhancing the accuracy of the
output. Additionally, gas-driven systems
demonstrate excellent adaptability and can
function under extreme conditions, such
as high temperatures, high pressures, or in
the presence of hazardous gases. Moreover,
challenges in gas-driven human-computer
interaction, such as precise control over
gas flow and pressure and the development
of reliable gas-driven systems, present
opportunities for further exploration
through the integration of ML materials.[®*]

In previous studies, researchers have sig-

1. Introduction

ML materials represent a distinct class of substances that trans-
form mechanical stimulation or deformation into light energy.
Compared to traditional electrical signal sensing technologies,
ML-based optical sensing offers several inherent advantages,
including rapid response times for real-time monitoring, self-
powering capabilities, visual signal output, and multifunctional
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nificantly advanced the field by enhancing

the conversion efficiency of ML materials

and laying the foundation for quantitative
analyses through the integration of various ML materials with or-
ganic molecules to construct sensor devices.!'13] However, these
studies have predominantly relied on mechanical stimulation
parameters for calibrating absolute ML intensity to characterize
sensors, introducing several accuracy-related shortcomings.
First, this method is susceptible to interference from other
optical signals. Second, the variability of local environmental
conditions such as temperature, humidity, and corrosive sub-
stances tends to exacerbate these issues. Additionally, the single
ML in bright field environments is challenging to visualize, lead-
ing to issues of insufficient accuracy, significant errors, and lack
of visualizability in optical sensing technology based on absolute
ML intensity.'*!>] These issues significantly compromise the
reliability and visual quality of optical sensing technologies. Re-
cent advancements have shown that fluorescence intensity ratio
sensing technology, which utilizes the synergy of different lumi-
nescence centers, effectively addresses the challenges of accuracy
in absolute intensity sensing, particularly in up/down conversion
temperature sensing.['®!7] Consequently, employing ratiometric
ML intensity sensing can mitigate the aforementioned problems.
This approach is less influenced by external environmental fac-
tors, thereby providing more sensitive and stable stress-sensing
outputs. Additionally, incorporating multiple luminescent
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centers in the ratio-based sensing scheme enhances visual
detection by the naked eye. In 2021, Wang et al. achieved
stress/strain-induced ML color manipulation in the Sr,P,0,
system by introducing two different luminescent centers,
Eu?"/Eu’*, enabling semi-quantitative visual mechanical sens-
ing through highly reliable ML color changes.!'8] In 2022, Wang
et al. designed a series of dual-activator phosphate materials to
realize ratiometric ML sensing and established an evaluation
system to quantify the stress-sensing performance of these
ratiometric ML materials.['] In 2024, Wang et al. proposed a
versatile approach that manipulates the threshold of ML ma-
terials via a multi-layer flexible composite structure to achieve
ratiometric ML for stress-visualized quantitative detection.!?’]
These studies provide valuable insights for ongoing research,
addressing some issues encountered in absolute intensity-based
sensing techniques. However, due to the spectral overlap of the
dual activators and the narrow emission spectrum distance,
significant color changes for visualization were not achieved.
Additionally, constructing multi-layer structure ratiometric ML
sensors with different doped ML materials is cumbersome.
Therefore, based on the human eye’s three different cone
cells, where the first discriminant color is red and the second
discriminant color is green, we selected transition metal ions
Mn?* and rare earth ions Tb*" as the luminescence centers of
the nonpiezoelectric material f-Ca;(PO,), host.2221 Notably,
p-Ca,(PO,), belongs to the R3c space group and is classified as
a nonpiezoelectric material. Calcium exhibits a diverse range of
coordination environments, offering excellent tunability when
introducing different luminescent centers at various lattice sites,
thereby meeting the need for dynamic color changes. Addition-
ally, spectral separation and dynamic color differences ensure
a sufficient range of colors recognizable by the human eye,
ultimately achieving self-referencing, high-precision mechanical
sensing based on ML intensity ratios, and dynamic visualization
of luminescent colors.

In this work, we successfully developed a high-resolution vi-
sual ratiometric ML sensing technique in f-Ca,(PO,), (CPO):
Tb**, Mn?*. The presence of sensitivity differences was proved
using similar high-energy X-ray excitations and mechanical stim-
uli. Sensor devices were then encapsulated, and the visualiza-
tion of ratiometric ML under tension and friction stimulation
was studied. Subsequently, the reliability mechanism of the
CPO: Tb*", Mn** @PDMS composite device was investigated
through dynamic spectral and trap distribution studies under
frictional electrical and X-ray excitations. Finally, the CPO: Tb**,
Mn?* @PDMS composite device was utilized for visualized ratio-
based sensing in the field of pressure sensing. This strategy pro-
vides a new approach for designing novel visualized pressure
sensing.

2. Results and Discussion

2.1. Design Concept of a Visual Gas Pressure Sensor Device

The design concept of the gas pressure intensity ratio sen-
sor component involves selecting suitable luminescent centers,
understanding the sensing mechanism, optimizing the optical
setup, and applying data analysis and calibration methodologies.
Initially, luminescent center colors are chosen based on the first
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and second recognition colors of human cone cells, which are
red and green, respectively. Consequently, the transition metal
ion Mn?* and the rare-earth ion Tb** are selected as lumines-
cent centers. This choice ensures a color range distinguishable
by the human eye. Additionally, the difference in luminescent
properties between rare earth and transition metal ions can in-
duce dynamic color changes under strain. These two factors
combined may result in a dynamic ML process under pressure
(Figure 1a). As shown in Figure 1b, we conducted experiments
using a syringe-connected tube furnace pressure gauge as the
gas pressure triggering and monitoring device (Figure S1, Sup-
porting Information). The syringe was pushed from the 100 cc
mark to the 10 cc mark, and the manometer displayed a scale
of 0-0.12 MPa (Video S1, Supporting Information). The CPO:
Tb**, Mn?* @PDMS composite device was tested on top of the
syringe. In agreement with the hypothesis in Figure 1a, the de-
vice exhibited high-resolution dynamic visual ML emission from
green to red during the expansion process, with intermediate
colors including yellow and orange (Figure 1c; Video S2, Sup-
porting Information). Figure S1b (Supporting Information) dis-
plays the ML spectral graph under dynamic pressure changes.
As gas pressure increases, both the intensity and integrated area
of the Mn?* luminescent center increase significantly in the dy-
namic spectra. Considering the self-calibrating characteristics of
the intensity ratio sensing in extreme environments, we exam-
ined the sensitivity and accuracy of this sensing method for wave-
lengths of 544 nm (Tb**) and 651 nm (Mn?*) under dynamic
pressure (Figure 1d). As the pressure rose from 0 to 0.12 MPa,
the Iy, /1y, intensity ratio decreased from 6.235 to 1.17. We per-
formed an exponential fit on the intensity ratio across different
gas pressures, yielding the equation y = 6.9147e(*/=00543) ' where
x is the gas pressure from syringe compression and y is the
Iy /1y, intensity ratio. The goodness-of-fit was exceptionally high
at 99.96%. These results underscore the ultra-high sensitivity
and accuracy of the CPO: Tb**, Mn?** @ PDMS composite device,
highlighting its potential for real-time, high-resolution visual
monitoring of dynamic, especially in novel visualized pressure
sensing.

2.2. Feasibility Analysis of Sensor Device

First, a sensor component was designed by doping the rare
earth ion Tb** and the transition metal ion Mn?* into the g-
Ca,(PO,), host lattice. According to Figure S2 (Supporting In-
formation), the phase structures of CPO: Tb** and CPO: Mn**
ML phosphors match the standard Ca;(PO,), structure (JCPDS
#70-2065). The series of emission spectra determines that the
concentration quenching points of CPO: ¥Tb** and CPO: xMn**
are 50% and 15%, which are respectively attributed to the
°D,—’F; transition of Tb** ions and *T,—°A, radiative transi-
tion of Mn?* ions (Figure S3, Supporting Information). Given
the broad spectral range of Mn?* ions, CPO: Th** @ PDMS and
CPO: Mn** @PDMS were selected for encapsulating the sensor
devices, respectively.

The strain-dependent ML spectra, shown in Figure S4 (Sup-
porting Information), indicate that the ML emission intensity
of Tb** and Mn?* ions increases with tensile strain. Normal-
izing the intensities of the °D,—’F; and “T,—°A, transitions

© 2024 Wiley-VCH GmbH

850807 SUOWIWIOD 8AIeR.D 8|qedl|dde ay) Aq peusenoh ae sape YO ‘8sn Jo sejn. 1o} AreiqiauljuO 8|1 UO (SUORIPUOD-PU-SWBIW0D A8 |IMAeIq Ul UO//:SANY) SUOIIPUOD pue SWis | 8u3 88S " [7202/60/2T] U0 Ariqi]auliuo A8 (1M BuUIYD JO AISeAIIN Uesd0 Ad TT6ZTYZ0Z WiPe/Z00T OT/I0p/Wioo" A3 1M Akeid 1 jeul|uo//sdiy wolj papeojumod ‘0 ‘820€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

@ 1 m I

LAen. L]

| o v v [eman
400 500 600 700 800 400 500 600 700 800 400 500

700 800 400 500 600

6;235 .. y=6.9147¢(x/-0.0543)

‘489

*.3.83

i =]

T T T T T T
________________ X 0.02 0.04 0.06 0.08 0.10 0.12

Gas pressure (MPa)

Figure 1. a) Schematic diagram of gas sensing based on ML (mechanoluminescence) intensity ratio (from left to right indicating increasing gas pres-
sure). b) Diagram of the syringe-type pressure measurement device. c) Photographs of the ML from the syringe-driven CPO:0.5Tb3*, 0.01Mn?** @ PDMS
composite device under different gas pressures (0-0.12 MPa). d) Intensity ratio (I1,/ly,) and sensor function fitting at different gas pressures.

under 20% strain demonstrates that the ML intensity exhibits
a linear response to strain (Figure 2a). The fitting functions for
the CPO: 0.50Tb** @PDMS and CPO: 0.01Mn** @PDMS com-
posite devices are y = 0.229x-3.383 and y = 0.051x+0.053, re-
spectively, with goodness-of-fit values of 99.7% and 99.1%. The
dynamic strain ML images in Figure 2b, corresponding to the
spectral data, show increased emission intensity and area with
increasing tensile strain, meeting the requirements for visual
sensing. It is worth noting that the growth rate of the CPO:
0.01Mn?** @PDMS composite device is significantly higher than
that of the CPO: 0.50Tb** @ PDMS device, which represents the
possibility of achieving ratiometric ML changes after the in-
troduction of dual luminescent centers and the possibility of
achieving a visualized change from green to red with the naked
eye.
Based on the principle that high-energy electron bombard-
ment is similar to the ML radiation path proved by Wang et al. /23]
we used X-ray excitation (RL) as an alternative high-energy exci-
tation method to mechanical stimulation response. As depicted
in Figure 2c and Figure S5 (Supporting Information), following
the initiation of a fixed dose, the RL intensity increases rapidly
and stabilizes within 1 s. Subsequently, the RL intensity of CPO:
0.50Tb** gradually decreases, while that of CPO: 0.01Mn?* in-
creases until the X-rays are turned off. The reason for this phe-
nomenon may be different radiation efficiency. Figure S6 (Sup-
porting Information) gives the estimation of the X-ray light yield
of the CPO: 0.5Tb*" and CPO: 0.01Mn?* under steady-state X-
ray illumination, with CsI: TI as the reference sample. The es-
timated X-ray light yields (steady-state) for CPO: 0.50Tb** and
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CPO: 0.01Mn?* were 9794 and 36 067 photons per MeV, re-
spectively. The nearly fourfold increase in light yield of CPO:
0.01Mn?* suggests that X-ray excitation more efficiently excites
Mn?*, leading to an increase in its RL. Additionally, the enhance-
ment of dynamic RL,;, may be attributed to the contribution of
traps. As shown in Figure S7b (Supporting Information), after
UV excitation, there is a continuous distribution of traps between
300 and 500 K. However, after high-energy X-ray excitation, the
trap density significantly increases at 300-400 K. Consequently,
under high-energy excitation, these traps are continuously filled
and rapidly released through radiative transitions, leading to in-
creased intensity. This indicates that the presence of shallow
traps contributes to the enhancement of red emission in CPO:
Mn?+.[2426] Figure 2d provides RL spectra for fixed doses excited
for 1 and 60 s, with the change from I, being greater than I, to
Iy, being less than I, It is further confirmed that under high-
energy excitation, the co-doped device CPO: Tb**, Mn** @ PDMS
is expected to achieve ratiometric ML changes and dynamic color
visualization processes. Finally, Figure 2e,f and Figure S8 (Sup-
porting Information) employ the Vienna Ab Initio Simulation
Package (VASP) for Density Functional Theory (DFT) simula-
tions, where the O orbitals dominate the valence band maximum
(VBM) and the Ca orbitals contribute mainly to the conduction
band minimum (CBM). With the introduction of Mn?* dopants
into the matrix, the overall projected density of states (PDOS) of
the host materials remains largely unaffected (Figure 2f). The
Mn?* states are primarily located within the bandgap.*”) Com-
pared to the band gap of the CPO matrix, the introduction of
Mn ions in CPO: 0.015Mn?* leads to multiple impurity states
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Figure 2. a) Normalized ML intensity of CPO:0.5Tb** @PDMS and CPO: 0.01Mn?* @PDMS under different strains. b) Dynamic ML photographs of
CPO:0.5Tb** @PDMS and CPO: 0.01Mn?* @PDMS under different strains. c) Continuous collection of the RL intensity for CPO:0.5Tb** and CPO:
0.01Mn?* at a fixed dosage. d) RL spectra for a fixed dosage excited for 1s and 60s. e) TDOS diagram of CPO. f) TDOS diagram for CPO: 0.05Mn?+.

appearing in the bandgap. It is hypothesized that the high strain
sensitivity of CPO: 0.015Mn?* may also arise from the contribu-
tion of impurity states introduced by the Mn?* ions.

2.3. Structural Characterization of Sensor Devices

After confirming that the difference in radiative rates under high-
energy excitation and the compensation of traps contribute to
self-calibrated intensity ratio strain sensing, we synthesized CPO:
0.5Tb**, xMn?* with varying concentrations of Mn?* ions (x =
0.01,0.05, 0.10, 0.15, 0.20) using the high-temperature solid-state
method. As the Mn?* doping concentration increased, the tran-
sition intensity of (4T, —6A,) also increased, causing the lumi-
nescent color of the sample to shift from green to red under ul-
traviolet excitation (Figure S9, Supporting Information). Consid-
ering the high strain sensitivity of Mn?* ions and the need for a
broad visual color range under high strain, we selected the photo-
induced green luminescent CPO: 0.5Tb**, 0.01Mn’** @ PDMS
composite device to study its ML performance under tension and
friction.

The phase structure and device composite process flowchart
are illustrated in Figure S10 (Supporting Information). Here, it
is observed that the f-Ca,(PO,), structure is hexagonal, with cal-
cium atoms in five coordination sites and phosphorus atoms
in one site, forming tetrahedral coordination with four oxy-
gen atoms. The absence of impurity diffraction peaks in the
p-Ca;(PO,), matrix was confirmed through GSAS refinement,
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achieving a low R-value. The preparation of the CPO: Tb**,
Mn?*@PDMS composite device involved magnetically stirring
the organic-inorganic materials and annealing them to form
the final product. XRD analysis confirmed that the diffraction
peaks of the CPO: 0.5Tb**, 0.01Mn** @PDMS composite were
consistent with the standard f-Ca,(PO,), structure (JCPDS #70-
2065), with the broad amorphous diffraction peak of PDMS
also present. Subsequent morphological and energy spectrum
analyses of the cross-sections of the CPO: Tb**, Mn?**, and
CPO: Tb**, Mn** @PDMS devices were performed (Figure S11,
Supporting Information). The CPO: Tb**, Mn?* morphology
comprised amorphous particles ranging from 1 to 20 um in
size. The CPO: Tb**, Mn** @PDMS device had a thickness of
~755 pm, with CPO: Tb**, Mn** uniformly distributed within
the PDMS matrix. Energy-dispersive spectroscopy and elemen-
tal mapping of the circular area (Figure S10h, Supporting In-
formation) confirmed the uniform distribution of Ca, P, O,
Tb, and Mn, indicating successful incorporation of Tb*" and
Mn?* ions. Additionally, we have provided images of the de-
vice used for subsequent tests, as shown in Figure S12 (Sup-
porting Information). Due to the insufficient clamping force of
the pneumatic grips in the tensile strain experiment and the
sharpness of the probe in the friction experiment, we had to
use relatively thicker devices for characterization. However, in
the pressure-sensing characterization experiment, the pressure
from the syringe was not sufficient to drive the thicker film.
Therefore, thinner devices were selected for the corresponding
characterization.

© 2024 Wiley-VCH GmbH
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Figure 3. a) Schematic diagram of the stretching device for the composite sensor. b) ML spectra of CPO: 0.5Tb3*, 0.01Mn?>* @ PDMS composite device
under different strains. c) Variation trend of ITb and IMn integrated strength of CPO: 0.5Tb3*, 0.0TMn** @PDMS composite devices under different
travel strains. d) Variation trend of Iy, /Iy, of CPO: 0.5Tb3*, 0.01Mn?* @ PDMS composite devices under different travel strains. e) ML photographs of
CPO: 0.5Tb3*, 0.01Mn** @PDMS composite device under different strains. f) M spectra of CPO: 0.5Tb3*, 0.01Mn?* @ PDMS composite device under
different frictional forces, the inset shows a schematic diagram of the friction device. g) ML photographs of CPO: 0.5Tb3*, 0.01Mn?* @ PDMS composite
device under different frictional forces, the ML photographs at 0.5 and 3N have been processed with Image] software.

2.4. Self-Calibrated Sensing of Sensor Device Under Multimodal
Stimulation

Figure 3a presents a schematic of the tensile testing setup, where
the CPO: Tb**, Mn** @ PDMS device is subjected to varying lev-
els of strain using a tensile machine. A photon counter and
an ocean optical spectrometer collect the optical signals. As the
strain increases from 0% to 100%, the ML spectral intensities Iy,
and I, in the CPO: 0.5Tb**, 0.01Mn** @ PDMS device gradually
increase (Figure 3b). The photon counter also found that as the
strain increased to 100%, the number of photons gradually in-
creased by nearly double (Figure S13, Supporting Information).
By normalizing the initial intensity of the spectrum under dif-
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ferent strains, it was found that Iy, and I,,, increased exponen-
tially (Figure 3c), and the change rate of I, was also much higher
than that of Ly, which was consistent with the previous results
in Figure 2a. It is also evident from the ML photos that the ML
color dynamically shifts from green to red, corresponding to the
ML spectrum data (Videos S3 and S4, Supporting Information).
Figure 3d presents the intensity ratio at different strains, show-
ing a first-order exponential decrease as strain increases. The fit-
ting function is y = 271.2e(*/61:9-133.2, with a high goodness
of fit of 99.8%, indicating the sensor’s high sensitivity and accu-
racy. For pressure sensors, the actions applied to the sensor de-
vice are not limited to expansion and stretching. Consequently,
we investigated the ML sensing characteristics under different
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Figure 4. a) Depicts the triboelectric potential of the CPO: 0.5Tb**, 0.0TMn?** @PDMS composite device under various strains, with the graph on
the right showing the difference in triboelectric potential under different strains. b) Shows the changes in SEL intensity at 544 and 651 nm for the
CPO: 0.5Tb3*, 0.01Mn?* composite device under varying voltages. c) Relationship between time and ratio ML at different strains. d) changes in SEL
intensity of Iy, Iyn, and Iy /Iy, for the fixed-voltage CPO: 0.5Tb3*, 0.01Mn?* composite device. €) Presents the variations in RL intensity of Iy, Iy,
and 1y /Iy, for the CPO: 0.5Tb3*, 0.01Mn2* composite device at a fixed dosage. f) Displays the 2D-Thermoluminescence spectra of the CPO: 0.5Tb3*,
0.01Mn?* @PDMS composite device before and after stretching and SEL excitation. g) 3D-Thermoluminescence of CPO: 0.5Tb3*, 0.01Mn?*. h) Offers
a mechanistic diagram of the CPO: 0.5Tb3*, 0.0TMn** @ PDMS composite device.

friction loads. As shown in Figure 3f, the ML spectral intensity
progressively rises with increasing friction load. The intensity ra-
tio Iy, /Iy, decreases from 7.7166 at 0.5 to 7.4059 at 3.0 N, as
shown in the inset. Figure 3g shows the ML images of the CPO:
0.5Tb**, 0.01Mn?** @PDMS device under different loads, where
the ML at the contact points is primarily green emission from
Tb**. It is worth noting that both the spectra and ML images
predominantly feature emission from Tb** ions. This is because
the local friction experiment does not involve a continuous ap-
plication of force; the force position is constantly changing, pre-
venting the Mn?* luminescent centers from receiving trap com-
pensation under high-energy stimulation. In contrast, the ten-
sile process involves continuous high-energy stimulation in the
same area, leading to significant changes in intensity ratio and
dynamic ML color due to superior radiative differences and trap
compensation.

2.5. Mechanism of Ratiometric ML Sensor Device

To gain a deeper understanding of the ML phenomenon and
the intensity ratio sensing mechanism of the CPO: Tb%*,
Mn?** @PDMS sensor device under force stimulation, we first
demonstrated the mechanism of ML generation by studying the
triboelectric potential under different friction forces. (Figure 4a).
When the CPO: Tb**, Mn?** @PDMS device is rubbed against
PDMS, the matrix acquires electrons and develops a negative po-
tential. Prompted by the resulting triboelectric field, the trans-
ferred electrons in the PDMS matrix can be accelerated to bom-
bard the CPO: Tb**, Mn?** @PDMS, potentially activating or ex-
citing the luminescent centers.?3] As a result, the triboelectric
potential difference increases with the force, enhancing the ML
intensity. This process is analogous to SEL (Static electricity lu-
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minescence). As the static electricity voltage rises, the ML spec-
tral intensities of the CPO: 0.5Tb**, 0.01Mn** @PDMS device
gradually increase, indicating an effective radiative pathway un-
der high-energy electron bombardment (Figure 4b; Figure S14,
Supporting Information).

Subsequently, we utilized this high-energy excitation mecha-
nism to further verify the dynamic color changes in ML under
force stimulation through SEL and X-ray stimulation. As previ-
ously discussed, the prerequisite for ratiometric ML is sustained
strain stimulation, which requires the application of force to a
fixed position. As shown in Figure 4c, during the variation of
strain from 20% to 100%, corresponding to a force application
time of 0-1.5 s, a strong ratiometric ML change was achieved. In
contrast, this effect was not observed during the friction process
(Figure S15, Supporting Information). Therefore, the ratiometric
ML mechanism should be further explored through continuous
high-energy excitation. The results under fixed-dose X-ray exci-
tation (Figure 4d,e; Figure S16, Supporting Information) show
that the intensity ratio continuously decreases, consistent with
the predictions in Figure 2c. This also confirms that the differ-
ence in radiation efficiency makes Mn?* more easily excited by
X-rays, making it one of the reasons for the change in the ra-
tio ML. It is noteworthy that this decrease in consistency indi-
cates that under high-energy stimulation, SEL and RL have the
same radiative pathway. In addition, the most important point
we consider is to verify the role of trap-assisted in co-doped de-
vices, the TL spectra before and after SEL and force stimulation
were presented in Figure 4e, confirming the generation of nu-
merous traps under high-energy excitation. By studying the 3D-
thermoluminescence of CPO: 0.50Tb**, 0.01Mn?*, it was found
that most of the traps in the 300-530 K range were attributed to
the red emission from Mn?* ions. This indicates that the carrier-
assisted effect provided by these traps continuously enhances the
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radiative transitions of Mn?* ions, making trap-assisted effects
one of the reasons for the ratiometric ML changes.[”) In addition,
As shown in Figure S17 (Supporting Information), the excitation
and emission spectra reveal an overlapping peak ~500 nm be-
tween the emission spectrum of CPO: 0.5Tb** and the excitation
spectrum of CPO: 0.01Mn**. Monitoring the lifetime at 547 nm
in CPO: 0.5Tb**, 0.01Mn?* samples shows a decrease in lifetime
from 1.46 to 0.81 ms, indicating that energy transfer occurs be-
tween Tb** and Mn?*. Therefore, energy transfer may also be one
of the reasons for the changes in ratiometric ML. Finally, a refer-
enced mechanism diagram is shown in Figure 4f. Under force
stimulation, electrons are excited to the conduction band and
then participate in radiative transitions of Tb** and Mn?* ions,
producing ML. During the continuous stress process, a portion
of the carriers are stored in the traps created, mainly dominated
by defects in CPO: 0.01Mn?* (Figure 4g). This leads to continu-
ous tunneling to the energy levels of Mn?* ions, additionally, the
energy transfer between Tb** and Mn?*, along with the excellent
radiative efficiency of Mn ions, further enhances the emission of
Mn?* ions in the ML.

2.6. Applications of Ratiometric ML Gas Sensor Device

The above data confirm that the CPO: Tb**, Mn** @ PDMS com-
posite sensor device is fully capable of achieving ratiometric ML
intensity changes during sustained strain, featuring dynamic
color visualization and self-referencing characteristics. There-
fore, we designed a pressure monitoring system for fracture
points in gas pipelines, focusing on the relatively uniform strain
produced by gas pressure, which more accurately highlights the
ratiometric ML changes in the device. Previously, we recognized
that the repeatability and reproducibility of ML devices are cru-
cial for practical applications.[?>3% In a continuous 300 s repeata-
bility test (stretching speed of four times per second, with 50%
deformation), it was observed that the initial stretching intensity
of I, and I, was the highest, followed by a gradual decay. No-
tably, the ML intensity of Ly, stabilized ~560, while I, stabilized
~660 (Figure 5a,b). At these intensity levels, the device can still be
used for pressure-sensing research, demonstrating its excellent
repeatability. In Figure 5c, we observe that ML intensity decreases
significantly as the number of stretching cycles increases. This
phenomenon has been carefully studied in previous work and is
due to the reduced bonding strength between PDMS and the ML
material during stretching, leading to a decrease in ML intensity.
After self-recovery for 18 h and heating for 6 h, the ML inten-
sity recovered to 84.8% of its initial value, further demonstrating
the material’s recoverability.3!! To determine whether the mate-
rial can recover to its initial state after stretching, we conducted
stress-strain curves and XRD analyses before and after stretching
(Figure S18, Supporting Information). The stress-strain curves
show that the elastic modulus decreases slightly, while the XRD
data remain unchanged before and after stretching. In addition,
we give the advantages compared with other sensor devices in
Table S1 (Supporting Information).?? These results demonstrate
that the ML device has excellent sensing reproducibility and re-
peatability.

As illustrated in Figure 5f, the CPO: Tb**, Mn** @PDMS de-
vice is positioned on a PTFE pipe with a crack, one end sealed and
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the other connected to an air pump. When the air pump is acti-
vated, the pressure increases, and only the area with the crack
in the CPO: Tb**, Mn** @PDMS device deforms, leading to a
rapid color transition from green to red (Figure 5d). An external
fiber optic cable collects the ML signal and transmits it to a spec-
trometer, allowing strain or mechanical data to be acquired via
a computer (Figure 5e). Additionally, a camera monitoring sys-
tem at the external end enables leak detection and alert systems.
This device is particularly effective for detecting gas pressure im-
balances, as the mechanical information at the imbalance points
can be estimated at any time through visualized ratiometric ML.
This provides a new approach for the practical application of ra-
tiometric ML.

3. Conclusion

In summary, we have successfully developed a ratiometric dual
activator phosphor for high-resolution visual strain sensing.
First, by considering the primary color recognition of human eye
cone cells, we introduced rare-earth/transition metal ion doping
into the nonpiezoelectric matrix -Ca,(PO,),. High-energy radi-
ation demonstrated that trap-assisted effects and differences in
radiative efficiency could potentially lead to the realization of ra-
tiometric ML. We conducted a detailed study on the sensing per-
formance of the CPO: Tb*", Mn?** @PDMS device under strain
and friction mechanical responses and found that the intensity
ratio Iy, /I, exhibited a wide range of changes under continuous
strain, enabling precise, visualized color changes, making it suit-
able as an accurate sensor device. Subsequently, through high-
energy excitation and trap studies, we further confirmed that the
primary reasons for ML color changes in the dual-activator sys-
tem were trap assistance, differences in radiative efficiency, and
energy transfer. As a conceptual application demonstration, we
simulated the imbalance monitoring and real-time monitoring
process of gas pressure and showed the excellent repeatability
and reproducibility of the device’s continuous operation. This
provides new ideas for the future development of ratiometric ML
visualization sensing applications.

4. Experimental Section

Synthesis of Inorganic Material Sources: The phosphor samples
were synthesized by solid-state reaction with reagents CaCO;(99%),
(NH,),HPO, (99%), Tb,0;(99.99%) and MnCOj (99.99%) as raw materi-
als. Stoichiometric mixtures with the composition Cas (POy4),: xTb3* (x =
0.20, 0.30, 0.40, 0.50, 0.60), Cas (PO,),: xMn2* (x = 0.01, 0.05, 0.10, 0.15,
0.20) and Ca; (PO,),:0.5Tb3*, 0.01Mn?* were mixed homogeneously in
an agate mortar and subsequently moved to alumina crucibles, presinter
at 400 °C for 3 h in a muffle furnace, then sinter at 1300 °C for 12 h un-
der a reducing atmosphere (90 H,/10 N,). After the product was cooled
to room temperature, it was ground into fine powder. In the article, the
abbreviation “CPO” is used to refer to Caz (PO,),.

Construction of Composite Sensor Device: Polydimethylsiloxane
(PDMS) acts as an elastic matrix to provide internal stress to the ML
powder (Sylgard 184, Dow Corning). First, grind the powder in an agate
mortar for a few minutes to obtain more uniform particles. Second, 10 g
of PDMS base resin and 1 g of curing agent were mixed in a disposable
cup. Add a magnet and stir on a stimulating stirrer for half an hour.
Finally, pour the stirred mixture into a homemade glass grinding tool and
solidify at 80 °C for 2 h to obtain a PDMS-based ML elastomer.
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Figure 5. Repeatability test of CPO: 0.5Tb**, 0.01Mn?* @PDMS device stretched for 300s. a) Itp. b) Iy, c) Self-recovery test. d) Dynamic pressure
monitoring ML photo of CPO: 0.5Tb3*, 0.01Mn?* @PDMS composite device. e) Real-time data acquisition via computer and round-the-clock camera
monitoring. f,g) Schematic design of the gas leak pipeline apparatus, assisted by an air pump, with the outer layer encapsulating the composite CPO:

0.5Tb3*, 0.01Mn?* @PDMS pressure sensor device.

Characterizations: The X-ray diffraction (XRD) patterns were recorded
on Germany Brucker D2 PHASER with Cu Ka radiation (4 = 1.58184 A)
in the 26 range of 10-80° equipped at 40 kV and 40 mA. The phase pa-
rameter was refined by the Rietveld method using the General Structure
Analysis System (GSAS) program. The crystal structure is drawn using di-
amond software. The photoluminescence (PL), photoluminescence exci-
tation (PLE), and decay curves were measured by the FLS980 spectrom-
eter (Edinburgh Instruments, the United Kingdom), The ML spectrum is
measured by the coupling measurement of the stretching circulatory sys-
tem of the Ocean Insight (QE-Pro) and Mechanics Experimental Machine.
The cyclic photon experiment is measured by the stretching system of the
mechanical experiment machine (Force-10 N, Speed-12 mm s~') and the
Photon Detection Unit (C13796) connected to the optical fiber. All test
photos and data for stability and weather resistance are taken through the
continuous shooting mode of the Nikon D7500 and tested by the coupling
of the friction tester and the QE-Pro. The triboelectric properties were de-
tected through the CSM friction testing machine (Tribometer 3, Switzer-
land) equipped with an electrostatic measuring probe (SK050, KEYENCE
(Japan) Co., Ltd.). The distance from the friction interface to the electro-
static measuring probe is fixed at 10 cm, and the CSM friction machine
adopts a rotating module with a rotation radius of 3 mm and a speed of
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60 rpm. Static electricity luminescence (SEL) is measured at a fixed dis-
tance by an electrostatic generator gun (GC90, Green techno Co., Ltd.,
Kanagawa, Japan) at a voltage of 1-10 KV and a fixed voltage of 5 KV. The
TD-3000 diffractometer (Cu—Ka) is used as the X-ray light source in all
X-ray (RL) tests. The emitted X-ray wavelength is A = 0.15 405 nm. For
the thermoluminescence (2D/3D-TL) measurements, the samples were
mounted on a thermal stage (298-650 K, LTTL-3DS, Radi Tec), after irradi-
ation with 365 nm UV light or high-energy X-Ray/SE for 3 min, the heat-
ing rate was 1K s~ and reached 600 K. Sample morphology was mea-
sured by using a scanning electron microscope TESCAN VEGA 3 SEM
(Tescan China, Ltd.). Energy-dispersive spectrum (EDS) and element map-
ping (MAPPING) were obtained by using Table electron microscopy.

Friction Test: The mechanical behavior was carried out using a friction
testing machine (MS-T3001) and the ML signals were collected in situ via
a fiber spectrometer (QE Pro, Ocean Optics). Specifically, the ML materi-
als were compounded with PDMS at a ratio of 1:2, and the compounded
material was then placed in a mold and dried at 80 °C for 2 h. For the fric-
tion experiments, different weights were placed on top of the friction pair
to adjust the load variations. During the friction process, dynamic spectra
were captured using marine optical instruments with an integration time
of 1s.
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Strain Test:  The strain experiment was conducted using a tensile test-
ing machine with a 100N pneumatic fixture attachment, with a tensile
travel strain of 0-100%, a gauge length of 20 mm, and a tensile speed of
16.6 mm s~ In addition, for the syringe pressure test, a composite device
of 755 um was placed on the top of the syringe, and the test was taken
by manually pushing and squeezing. All dynamic spectra were collected
by Ocean Optics QE-Pro with an integration time of 300 ms.

First-Principles Calculation: The density functional theory (DFT)
method implemented in the Vienna Ab initio Simulation Package (VASP)
was employed for first-principles calculations concerning the struc-
tural optimization and electronic structure determination of both pure
Ca; (PO,), and Mn-doped Ca; (PO,),.33! The convergence criteria for to-
tal energy and forces were set to be less than 10=° eV and 1072 eV A~1,
respectively, with a plane-wave energy cutoff of 500 eV. The Perdew-Burke-
Ernzerhof (PBE) functional within the generalized gradient approximation
(GGA) and projected augmented wave (PAW) potentials were utilized to
characterize the electron exchange-correlation energy and the interactions
between valence electrons and ionic nuclei.l3#3%] In the investigation of
Mn-doped Ca; (PO,),, a I' point mesh containing 276 atoms was em-
ployed for electronic structure sampling, with an Mn-to-Ca atom ratio of
1:65, corresponding to a doping concentration of 1.5%. A2 x 2 X 1 super-
cell was utilized to model Mn-doped Ca; (PO,),, resulting in optimized
lattice parameters of a = 10.41A, b= 10.41A, and c = 37.18 A.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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