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Highly Repeatable and Cyclically Stable
Mechanoluminescence of the Flexible Composite Elastomer

Shaofan Fang, Lusi Zhao, Xiao He, Bo Zhou, Yongwen He, Zhibin Lu,

and Zhaofeng Wang*

Mechanoluminescence (ML) elastomer shows tremendous potential for the
next generation of flexible displaying, imaging, and sensing devices. However,
inadequate repeatability and cyclic stability are the current bottlenecks. In this
work, a solid-solution strategy is reported to regulate the interfacial
interactions of ML elastomer, in which the (Ca,Ba);(PO,);Cl:Eu solid solutions
and polydimethylsiloxane (PDMS) are employed, respectively. The results
suggest that the solid-solution strategy can effectively modulate the energy
position of the valence band and the charge density distributions of the lowest
unoccupied band, as well as the interfacial triboelectrification. Consequently,
the ML performance of the composite elastomer in terms of intensity, spectral
characteristic, and repeatability has been significantly improved. Particularly,
the optimum CaBa,(PO,);Cl:Eu/PDMS elastomer exhibits stable and
repeatable ML for over 20 000 cycles under various rapid and continuous
stretching conditions. This work not only provides a highly repeatable and
cyclically stable ML elastomer but also clarifies the intrinsic physical
principles, showing high guiding significance for future ML design and

applications.

1. Introduction

Mechanoluminescence (ML) elastomer is a type of flexible com-
posite material that can emit light when stimulated by me-
chanics, such as rubbing, compressing, stretching, impacting,
etc.!?l In ML elastomer, no circuit design is introduced. The
simple structure composed of inorganic phosphors and polymer
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matrix can directly endow the elastomer
with attractive mechanics-optics conver-
sion characteristics. On one hand, the
ML elastomer exhibits remarkable func-
tionality, which can utilize the natural
energy, such as the energy of wind, tide,
and human motion, to trigger the lumi-
nescent displaying and imaging with no
consumption of the secondary energy.l>”]
On the other hand, the emitted light signal
conveys a wealth of mechanical informa-
tion, which can be in situ and wirelessly
captured for intelligent monitoring and
sensing.®!7] Therefore, the ML elastomer
simultaneously possesses the advantages
of simplicity, functionality, and intellectu-
ality, which shows tremendous potential
toward the next generation of wearable
devices, artificial intelligent skin, biome-
chanics detection, information encryption,
and human-computer interaction.!'®?’]

To date, a variety of material systems
have been developed to exhibit ML with
abundant colors, and the underlying physical principles have
also been extended from the energy pre-stored type to the self-
charged and self-recovered one.[?®-3¢] These achievements bring
significant confidence for researchers to prompt the practical ap-
plications of ML materials. At present, one of the biggest per-
formance limitations of ML materials lies in the repeatability
and cyclic stability, particularly the ones under high mechani-
cal frequency with continuous stimuli. To the best of our knowl-
edge, for the ML elastomer material under stretching stimula-
tion, ZnS:Cu/polydimethylsiloxane (ZnS:Cu/PDMS) is the re-
ported one that has remarkable repeatability and cyclic stabil-
ity over 10 000 cycles under the rapid and continuous stretch-
ing conditions.’*% This is because ZnS:Cu is a special alter-
nating current electroluminescence (EL) material, and the as-
observed ML is actually the EL under the triboelectrification be-
tween ZnS:Cu and PDMS.[“*-#] For this unique reason, although
the outstanding ML performance of ZnS:Cu/PDMS has been
known for several decades, researchers still cannot achieve a sec-
ond ML elastomer with similar performance. Providing one can
establish a general physical principle and develop a novel com-
posite elastomer to overcome the current bottlenecks in terms of
ML repeatability and cyclic stability, it would have great signifi-
cance in the development history of ML.

Although the coupling of the interfacial triboelectricity and
EL is unique for the ZnS:Cu/PDMS elastomer, the previous
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research also suggested that there should be other physical path-
ways to bridge the interfacial triboelectricity and ML.[*-#¢] In
2022, by combining the ML properties with the electron transfer
direction during friction, our group proposed a possible inter-
facial triboelectrification-induced electron bombardment (ITEB)
model to specifically describe the physical processes from the
interfacial triboelectricity to the generation of ML.[*’] Following
this model, a series of self-recoverable ML composite elas-
tomers, e.g., the PDMS-based ones with Sr;Al,O,CL,:Dy** 4l
Ca,Bi(PO,),:Ce**,[*) Ca,BaP,0,,:Ce** % Sry(PO,),CL:Eu?* >l
and Ca,Al(PO,),:Ce** 52 have been developed. Theoretically,
the ML achieved by the ITEB model should be mechanically
repeatable and cyclically stable. However, due to the degradation
of the interfacial interactions in terms of the possible hydrogen
bond, Van der Waals’ force, and the triboelectrification under
continuous and cyclic stimuli, the ML always rapidly decreased
and disappeared within several cycles.*’-52 When prolonging
the interval time of the cycles (from tens of minutes to several
hours), the degraded interfacial interactions can be partially
restored, and thus the ML elastomer in this case can exhibit a
certain repeatability with slow self-recoverability.

After finding out the critical factor in terms of the interface
self-repairability, it is supposed that the ITEB model should be
effective in developing the highly repeatable and cyclically stable
ML elastomer as long as the phosphors can establish desirable
interfacial interactions with the polymer matrix. Inspired by this
research thought, in this work, we developed a series of ML com-
posites by combining the (Ca,Ba)s(PO,);Cl:Eu (CBPOCE) solid
solution materials with the flexible PDMS. Here, the double an-
ion structure of A;(PO,);Cl:Eu (A = Ca or Ba) was employed,
because of its abundant anionic characteristics in terms of po-
larizability and electronegativity, as well as the flexibility for lo-
cal lattice distortion and crystalline field adjustment.[>*¢] The
solid solution strategy is supposed to further enhance the in-
terface match ability for the phosphor particles with the PDMS
chains. The results suggest that the solid-solution strategy of the
CBPOCE can effectively regulate the ML performance of the com-
posites in terms of intensity, spectral characteristics, and repeata-
bility. Particularly, the optimum Ca,Ba(PO,);CL:Eu/PDMS elas-
tomer exhibits stable and repeatable ML for over 20 000 cycles
under various rapid and continuous stretching conditions. As a
result, this work achieves the long-term searching ML elastomer
with high repeatability and cyclic stability after ZnS:Cu/PDMS,
and the corresponding physical mechanisms in terms of the ML
generation and the solid-solution regulation are proposed.

2. Results and Discussion

2.1. Solid-Solution Regulation

The CBPOCE, i.e., Cas(PO,);Cl:Eu, Bas(PO,);Cl:Eu, and their
solid solutions, were synthesized by a solid-state reaction. The
X-ray diffraction (XRD) patterns in Figure 1a match well with the
referenced standard card of Cag(PO,);Cl (JCPDS no.73-1728) and
Ba,(PO,);Cl (JCPDS no.70-2318) without impurity peaks. With
the increase of the content of Ba?*, the patterns of the CBPOCE
gradually shift toward a low-angle side because of the larger ionic
radius of Ba’*. The Cas(PO,);Cl and Ba(PO,),Cl both belong to
the hexagonal phase with a space group of P6;/m (No.176). In
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the crystal structure of Cas(PO,),Cl (Figure 1b), there are two in-
dependent crystallographic Ca sites, named Cal and Ca2, respec-
tively. The Cal occupies the 4f site with C; point symmetry coor-
dinated by nine O, to form the [CaO,] tetrakaidekahedron, and
the Ca2 occupies the 6 h site with C point symmetry coordinated
by six O, and two CI~ to form [CaOCl,] hendecahedron.>}] Sig-
nificantly, the Cl~ anions define the boundaries of the unit cell,
indicating that Cl~ anions are more likely to be exposed on the
surface. When the luminescent centers of Eu?* ions were doped
in the structure of CBPOCE, they were supposed to occupy the
Ca’*/Ba’* sites according to the similarity of ionic radius and
valence. The scanning electron microscope (SEM) image and en-
ergy dispersive spectrometer (EDS) mappings in Figure S1 (Sup-
porting Information) suggest that the obtained CBPOCE parti-
cles have a size of ca. 10 um with the Ca, Ba, P, O, Cl, and Eu
elements distributed. The above results confirm that the pure
CBPOCE micron-sized particles have been successfully synthe-
sized.

The photoluminescence (PL) performance of the prepared
CBPOCE with different Ca/Ba ratios was investigated, as shown
in Figure S2 (Supporting Information). The Ca;(PO,);Cl:Eu has
an emission peak at 465 nm belonging to the transition of
4£°5d!—>4f" of Eu?*.5738] It can be observed that an additional
PL peak at 498 nm appears when some Ba?* ions substitute Ca?*
ions. When all Ca?* ions are replaced by Ba?* ions, the product
Ba;(PO,);Cl:Eu exhibits an emission peak at 443 nm. The above
evolution in terms of the PL spectra should be attributed to the ef-
fect of the adjustable crystal field owing to the difference in ionic
radius of Ca?* and Ba?*.’”] Figure 1c shows the ML spectra of
the as-prepared CBPOCE by incorporating the particles into the
PDMS elastomer. The ML spectra in terms of the radiative tran-
sitions of Eu®* are similar to the PL ones, although their exci-
tation/activation sources are different. With the increase of the
Ba’* proportion in the solid-solutions of CBPOCE, the ML peak
of Eu** gradually shifts from 460 to 498 nm due to the distortion
of Ca?* and Ba®* sites. However, there are some weak ML peaks
at ca. 585, 613, 647, and 692 nm, attributing to the transitions of
*Dy—="F; (] =0, 1,2, 3, 4) of Eu*", respectively.*®! This is due to
the chemical pressure produced by the ion substitution with dif-
ferent ionic radii, which prevents the reduction of a part of Eu**
ions.’! In addition to the spectral shape evolution, the ML in-
tensity of the CBPOCE exhibits a rapid enhancement with the in-
crease of the Ba content, as shown in Figure 1d. The ML intensity
of the CaBa, (PO,),Cl:Eu s 15.7 times that of the Cag(PO,);CL:Eu,
and 1.5 times that of the Bay(PO,);Cl:Eu, demonstrating that
the coexistence of Ca and Ba in the solid solutions can signif-
icantly improve the ML performance. To explore the contribu-
tion of the solid-solution strategy on ML performance, the den-
sity functional theory (DFT) calculations were performed. Figure
S3 (Supporting Information) shows that the valence band (VB)
of the samples with mixed cations moves toward the Fermi level
(the Fermi level is shifted to 0.00 eV), whereas the conduction
band (CB) of all samples remains stationary relative to the Fermi
level. The elevated energy position of the peak near the Fermi
level suggests a reduced energy barrier for electron excitation,
and the enhanced peak intensity suggests a higher population
of electrons in VB for excitation,[®] which are compared quanti-
tatively in Figure le. When the ratio of Ca: Ba reaches 1: 4, the
CaBa,(PO,);Cl:Eu shows both a high energy position and high
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Figure 1. Structure, PL, and ML regulations. a) XRD patterns of the prepared CBPOCE powders with various Ca/Ba ratios. b) Schematic diagram of
the crystal structure and the coordination polyhedra. c) Normalized ML spectra and d) integrated ML intensity of the CBPOCE samples with various
Ca/Ba ratios. e) Variations of the energy position and peak intensity near the Fermi level from the density of state (DOS) of the CBPOCE samples. f)
Repeatability test of the composite elastomers for 100 stretching cycles (strain: 50%; frequency: 5 Hz; no pre-stretching was applied for this test).

peak intensity, which could facilitate electrons to be excited to
CB under the same excitation/activation conditions. Therefore,
the largely enhanced ML of the CaBa,(PO,);Cl:Eu is closely re-
lated to its intrinsic electronic structure.

In addition to the ML peak and intensity variations, the Ca:
Ba ratios of the CBPOCE solid solutions also exhibit a signifi-
cant influence on ML repeatability, as shown in Figure 1f. Like
most of the ML elastomers the Cas(PO,);Cl:Eu/PDMS can ex-
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hibit ML just for the initial cycles under continuous stretching.
Attractively, with the introduction of Ba?* in Ca,(PO,);Cl:Eu to
form solid-solutions, the ML repeatability is greatly enhanced,
i.e., the CBPOCE samples except the Cas(PO,);CL:Eu all show
over 100 repetitions in PDMS under the stretching condi-
tions of 5 Hz and 50% strain. Among them, the ML of the
CaBa,(PO,);Cl:Eu/PDMS exhibits the highest ML intensity dur-
ing the entire cyclic process. As a result, the solid-solution
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Figure 2. Self-recoverability and repeatability of the composite elastomer. a) Schematic illustration of the fabricated CBPOCE/PDMS composite elas-
tomer. b) Stability and repeatability tests of the composite elastomer over 20 000 stretching cycles (strain: 50%; frequency: 3 Hz). The insets are the ML
photographs of the composite elastomer at different stretching cycles. c) The ML spectra of the CaBa, (PO,);Cl:Eu/PDMS at different stretching cycles.
d) Self-recovery test of the composite elastomer after placing for different times under dark and ambient temperature. ) Repeatability test of the ML of
the CaBa, (PO,)3;Cl:Eu/PDMS with various time intervals between the successive cycles. To avoid the interference of the initial degradation by interfacial
break and traps, a pre-stretching of 1000 cycles was applied in (b), (d), and (e).

strategy by introducing Ba?* in Cag(PO,),CLEu is confirmed to
be effective in regulating the ML performance in terms of the
intensity, spectral characteristic, and repeatability, and the opti-
mum sample is determined as the one with the Ca: Ba ratio of
1:4.

2.2. Rapidly Self-Recoverable and Highly Repeatable ML
It should be noted that the powders of the CBPOCE them-

selves cannot emit ML if they were stimulated by any mechan-
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ics like grinding, impacting, or compressing. When the pow-
ders were composited into the flexible PDMS, intense ML can be
achieved, as illustrated in Figures 2a and S4 (Supporting Infor-
mation). This indicates that the interfacial interactions between
the CBPOCE particles and the PDMS chains should play critical
roles in the ML generation. Moreover, different from the previous
reports, no pre-irradiation was required to produce the ML of the
CBPOCE/PDMS composite elastomer. It suggests that the ML
of the CBPOCE/PDMS should mainly belong to the mechanical
self-activation type which brings great practicability and conve-
nience in real scenarios. The cyclic stability and repeatability are
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particularly important to determine the practical applications of
the ML materials toward the new generation of flexible display-
ing, imaging, and sensing devices. At present, there is one elas-
tomer, ZnS:Cu/PDMS, can exhibit repeatable ML under contin-
uous stretching over 10 000 times. ZnS:Cu is a very special ma-
terial that is a low-threshold alternating current electrolumines-
cence material. The ML of ZnS:Cu in PDMS should come from
a variety of electric field stimuli from triboelectricity.***! Thus,
it is difficult to find another ML elastomer to has the highly re-
peatable ML with the same physical mechanisms with ZnS:Cu.
Here, we achieve the highly repeatable and cyclically stable ML
in the CaBa, (PO,);Cl:Eu/PDMS composite elastomer. Figures 2b
and Figure S5 (Supporting Information) depict the ML intensity
evolution of the CaBa,(PO,);Cl:Eu/PDMS over 20 000 mechan-
ical cycles under the continuous stretching mode with different
strains and frequencies (a pre-stretching of 1000 cycles was ap-
plied to avoid the interference by the interfacial broken and in-
trinsic traps at the initial stage). The corresponding visualization
effect under the continuous stretching is presented in Movies S1
and S2 (Supporting Information). The ML intensity is attenuated
at the first stage, which may be due to the break of the hydro-
gen bonds and van der Waals forces at the interfaces between the
powders and the PDMS chains. Then, the ML intensity is stabi-
lized, and the ML after 20 000 stretching cycles is still visible to
the naked eye. Figure 2c shows the normalized ML spectra of the
CaBa,(PO,);CL:Eu/PDMS elastomer at various stretching cycles
(1st, 1000th, 5000th, 10 000th, and 20 000th). They exhibit the
same spectral characteristics, further suggesting the ML cyclic
stability of the CaBa,(PO,),;Cl:Eu/PDMS.

As discussed in Figure 2D, the elastomer would experience
the break of the hydrogen bonds and van der Waals forces,
resulting in the ML intensity attenuation at the first stage.(!]
Since the above interfacial interactions could be partially self-
repaired, the ML of the CaBa,(PO,);Cl:Eu/PDMS composite
elastomer exhibits adjustable self-recovery activities. Figure 2d
shows the ML self-recovery degrees with various placing times
in dark under ambient temperature. Before the test, the elas-
tomer was continuously pre-stretched for 1000 cycles to reach
the stable ML. The placing time shows remarkable influence on
the stabilized ML intensity under continuous stimuli, which ex-
hibits a logarithmic relationship. In Figure 2d, there is a fast
self-recovery region within 120 s at room temperature. By fur-
ther prolonging the placing time, the restored ML intensity can
be slowly enhanced. These results confirm that the ML of the
CaBa,(PO,);CL:Eu/PDMS elastomer exhibits the placing time-
dependent self-recovery activities. It suggests that the intensity
of the stabilized ML during continuous stretching cycles can be
readily adjusted by controlling the time intervals between the suc-
cessive cycles. As shown in Figure 2e, the ML intensity under
continuous stretching is largely adjusted with the time interval
changed from 2 sto0 5 s, 10 s, 1 min, and 10 min, providing great
flexibility for various applications.

2.3. ML Physics and Regulation Mechanisms
From a macro scale, ML realizes the physical conversion from

mechanics to light. Since the emission light has been intrinsi-
cally demonstrated from the radiative electron transfer of lumi-
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nescent centers, there should be a close relationship between the
macroscopic mechanics and the microscopic electrons which de-
termines the ML performance. To reveal this relationship in the
CBPOCE/PDMS composite elastomer, the electronic behaviors
related to the trap structure, piezoelectricity, and triboelectricity
were investigated. Here, the optimum sample CaBa,(PO,);CL:Eu
is taken as a representative. Figure 3a shows the thermolumines-
cence (TL) spectra of CaBa,(PO,);Cl:Eu after pre-heat-treatment
at various temperatures. The pristine CaBa,(PO,);Cl:Eu exhibits
a multimodal TL spectra, suggesting the presence of both shal-
low and deep traps within the structure. With the increase of
the pre-heat-treatment temperature, the carriers are gradually
cleared from shallow traps to deep traps. The trapped carriers
can be fully cleaned at the temperature of 673 K for 10 min. How-
ever, the CaBa,(PO,);Cl:Eu in this case can still exhibit distinct
ML in the flexible PDMS matrix. The CaBa,(PO,);Cl:Eu/PDMS
sample with the trapped carriers fully released also exhibits good
ML repeatability as shown in Figure 3c. Obviously, the remained
ML after thermal treatment should be independent of the traps.
When the phosphor with cleaned traps was re-charged by an ul-
traviolet (UV) light, the trap density exhibited a time-dependent
increase (Figure S6, Supporting Information). After such UV re-
charging for ~10 min, the trap structures of CaBa,(PO,);Cl:Eu
could be almost restored. Correspondingly, the UV re-charging
activity leads to a remarkable ML enhancement compared to the
one with cleaned traps, as shown in Figure 3b. This demonstrates
that the enhanced ML after UV re-charging should be attributed
to the trap-controlled mechanisms. The above results and discus-
sion suggest that the trapped carriers in the structure should be
the partial origination of ML, which could affect the intensity dur-
ing initial cycles. This is also one of the reasons for the initial
ML degradation during the repeatability test. However, the re-
tained ML after pre-treating at 673 K for 10 min with no trapped
carriers suggests that there should be another ML origination
which is the real cause for the repeatable and stable ML of the
CaBa,(PO,);CLl:Eu/PDMS composite elastomer.

The ML of the CaBa,(PO,);Cl:Eu exhibits a high depen-
dency on the composite matrices, as shown in Figure 3d.
For the CaBa,(PO,);Cl:Eu powders or their epoxy resin (ER)
based composites, no emission can be found under rubbing,
scratching, compressing, or impacting. Since the pressure stress
dominates the above mechanical processes, the absent ML in
these cases suggests that the piezoelectricity should not be in-
volved in the ML generation.[*$5%51 On the contrary, when the
CaBa,(PO,);Cl:Eu powders are embedded into some flexible ma-
trices, such as PDMS and silica gel (SG), ML could be produced
(the ones within PDMS and SG have strong and weak ML, re-
spectively). However, the CaBa, (PO,);Cl:Euincorporated into the
flexible polyurethane (PU) still has no ML. Therefore, the ML of
the CaBa, (PO,);Cl:Eu could be produced in the flexible compos-
ites, which depends on the types of the matrices.

Relative to the pressure stress in the hard composites, the in-
terfacial rubbing actions should dominate in the flexible com-
posites during stretching, because of its large deformation and
large relative displacement between powders and matrices. Ac-
cordingly, the triboelectric properties of the CaBa,(PO,);CLEu
rubbed with different polymer matrices were investigated. As
shown in Figure 3e and Figure S7 (Supporting Information), af-
ter rubbing with CaBa,(PO,);CL:Eu for 1 min under 120 rpm,
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Figure 3. Physical mechanisms for ML. a) TL spectra of the CaBa,(PO,);Cl:Eu after heat treatment at different temperatures. b) ML spectra of the
CaBa, (PO,4);Cl:Eu/PDMS with or without UV re-charging for 10 min after the CBPOCE powders heated at 673 K for 10 min. c) Repeatability of the
CaBa, (PO,4);Cl:Eu/PDMS after the powders heated at 673 K for 10 min without UV charging (no pre-stretching was applied). d) Photographs and ML pho-
tos of the CaBa, (PO,);Cl:Eu samples in various forms. e) Triboelectric potential of the PDMS, SG, ER, and PU after rubbing with the CaBa, (PO,);Cl:Eu
under 120 rpm for 1 min. f) Comparison of the CL, PL, and ML spectra of the CaBa,(PO,4);Cl:Eu/PDMS. g) Schematic diagram of the proposed ML

mechanism.
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the PDMS and SG show negative potential, while the ER and
PU exhibit positive potential. The electron transfer pathways dur-
ing the triboelectrification between the CaBa,(PO,);Cl:Eu and
the matrices are consistent with the ML phenomena, i.e., the
sample can exhibit ML when it is incorporated into the ma-
trix with negative triboelectric potential. Therefore, the ML of
CaBa,(PO,);CL:Eu should be related to the interfacial triboelec-
tricity with the matrix, but it is different from the triboelectricity-
induced EL of ZnS:Cu that the CaBa,(PO,);Cl:Eu makes re-
quest on the electron transfer direction during triboelectrifica-
tion. The investigation of ML behaviors during a single stretch-
ing cycle in Figure S8 (Supporting Information) further confirms
the above viewpoint that the ML of CaBa,(PO,);Cl:Eu/PDMS
should come from the interfacial triboelectricity with obvious
difference to ZnS:Cu/PDMS. Figure 3f shows the cathodolumi-
nescene (CL) spectrum of the CaBa,(PO,);Cl:Eu under the elec-
tron beam excitation (accelerating voltage: 10 kV; filament cur-
rent: 10 mA). The basic spectral characteristics are consistent
with the ML ones, with slight shoulder peaks at 389 and 435 nm
due to their excitation energy difference.[®?] The obtained CL of
CaBa,(PO,);CLEu suggests that there is high energy electron
bombardment pathway to excite the phosphor. By comprehen-
sively combining the trap dependency, the matrix effects, the
triboelectricity analyses, as well as the CL characteristics, the
achieved ML of the CaBa,(PO,);Cl:Eu in PDMS should partially
come from the trapped carriers, and another part should be the
ITEB, in which the latter is the real reason for the highly self-
activated, stable and repeatable ML. The trap-related mechanism
has been well explained in previous research,?®! and the ML phys-
ical processes in terms of ITEB are proposed as follows. As illus-
trated in Figure 3g, first, under mechanical stimuli, the interfacial
friction makes the electrons transferred from CaBa,(PO,);Cl:Eu
particles to PDMS chains, causing the generation of the inter-
facial triboelectric field. Then, the electrons on the surface of
PDMS are bombarded to the CaBa,(PO,);CLl:Eu particles under
the interfacial triboelectric field, during which the electrons in
CaBa,(PO,);Cl:Eu are excited from VB to CB. The excited elec-
trons further transfer to the 4{°5d! energy levels of the lumines-
cence center Eu?* ions. Finally, the electrons in 4f°5d! levels ra-
diatively transfer to the 4f” levels of Eu?* by emitting photons,
producing the as-observed ML. Under continuous stretching, the
entire ML processes of CaBa, (PO,);Cl:Eu/PDMS can be repeated
with no need for additional input energy.

The above results and discussions confirm that the interfacial
triboelectricity between the phosphors and the polymer matrix
as well as the electron excitation possibility play critical roles on
the repeatable ML. To further understand the solid-solution reg-
ulation mechanisms in this work, the triboelectric properties and
the intrinsic electronic structures of the CBPOCE solid solutions
are specifically investigated. Figure 4a shows the surface tribo-
electric potentials of the PDMS after rubbing with the CBPOCE
series with different Ca/Ba ratios. The triboelectric potentials on
PDMS exhibit a similar variation trend to that of the ML inten-
sity in Figure 1d that it increases first and then decreases with
the maximum value at the Ca/Ba ratio of 1:4. Therefore, one
of the solid-solution regulation reasons should be the adjust-
ment of the triboelectric properties between the CBPOCE and
PDMS. In addition, the partial density of states (PDOS) of the
CBPOCE solid solutions is also calculated, as presented in Figure
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S9 (Supporting Information). The VB is mainly contributed by
O and Cl atoms, and their energy position and peak intensity
near the Fermi level dependent on the Ca/Ba ratios are quanti-
tatively summarized in Figure 4b,c. Based on the PDOS propor-
tion, the regulation of the energy position and peak intensity of
O atoms is supposed to be the primary contribution to the en-
hanced ML by solid solution. Compared to O atoms, Cl atoms
exhibit a higher energy position. Moreover, the position varia-
tion of Cl atoms in Figure 4c exhibits a closer correlation with
the ML intensity change. Therefore, the VB structure in terms
of Cl in CBPOCE should be also crucial for the ML generation
from the electron excitation aspect, which could be facilely ad-
justed by altering the Ca/Ba ratios in CBPOCE. Figure 4d further
shows the band-decomposed charge density distributions of the
lowest unoccupied band of the CBPOCE solid solutions with var-
ious Ca/Ba ratios, which are primarily contributed by Ca and Ba
atoms. For Cas(PO,),ClL:Eu, the charge density distribution of the
lowest unoccupied band is relatively dispersed. However, with the
introduction and increase of the Ba content, the charge density
is gradually localized and confined around Cl atoms, which may
provide more efficient pathways for charge transfer from VB to
CB leading to enhanced ML. Therefore, the above theoretical in-
vestigations suggest that in addition to the interfacial triboelectric
properties of the CBPOCE/PDMS composite elastomer, the ad-
justment of the energy position of VB near the Fermi level and
the charge density distribution of the lowest unoccupied band
is also responsible for the enhanced ML via solid-solution reg-
ulation. These regulations endow the CaBa,(PO,);CL:Eu higher
matching ability with the flexible PDMS in terms of the inter-
facial triboelectrification and the electron excitation possibility,
and hence the CaBa,(PO,);Cl:Eu/PDMS elastomer can exhibit
the highly repeatable and cyclically stable ML during the rapidly
and continuously stretching stimuli.

3. Conclusion

In summary, a series of ML elastomers have been constructed
by incorporating the CBPOCE solid solutions into the flexi-
ble PDMS matrix. Because of the interfacial interactions be-
tween the phosphor particles and the polymer chains, the
CBPOCE/PDMS elastomers exhibit adjustable ML properties in
terms of intensity, spectral characteristics, and repeatability. The
CaBa,(PO,);CL:Eu/PDMS elastomer is confirmed to be the opti-
mum sample, which shows cyan emission with the highest ML
intensity. Particularly, the CaBa,(PO,);Cl:Eu/PDMS elastomer
exhibits prominent repeatability and cyclic stability that the ML
can be maintained for over 20 000 cycles under the rapid and
continuous stretching conditions. Based on the investigations in
terms of the thermal treatment, matrix effects, triboelectricity,
and cathodoluminescence analyses, it is concluded that the ML
of the CBPOCE/PDMS composite elastomer should come from
both the trap-controlled model and the ITEB model, in which the
latter is the real reason for the highly self-activated, stable and re-
peatable ML. The DFT calculations further reveal that the adjust-
ment of the energy position of VB near the Fermi level and the
charge density distribution of the lowest unoccupied band is also
responsible for the enhanced ML via solid-solution regulation
in addition to the interfacial triboelectricity. This work achieves
the intriguing and long-term searching ML elastomer with high
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Figure 4. Regulation mechanisms investigation. a) Triboelectric potentials of the PDMS rubbed with the CBPOCE solid solutions. b) Variations of the
energy position and peak intensity near the Fermi level from PDOS projected on the O atoms. c) Variations of the energy position and peak intensity near
the Fermi level from PDOS projected on the Cl atoms. d) Band-decomposed charge density distributions of the lowest unoccupied band of CBPOCE

with various Ca:Ba ratios (isovalue: 0.002 e/Bohr?).

repeatability and cyclic stability after ZnS:Cu/PDMS with dis-
closed physical principles, which could significantly guide future
ML research and promote practical applications in various fields.

4. Experimental Section

Synthesis of CBPOCE Powders: The CBPOCE solid solutions with 0.05
doping content of Eu were synthesized by a solid-state reaction. The
CaCO; (Aladdin, 99%), BaCO; (Aladdin, 99.95%), CaCl, (Aladdin, 99.9%),
BaCl, (Aladdin, 99%), NH,H,PO, (Aladdin, 99%), and Eu,0; (Aladdin,
99.9%) were employed as raw materials without further purification and
weighed with stoichiometric ratios. The raw materials were then mixed in
an agate mortar for 0.5 h with the assistance of alcohol. Subsequently, the
mixture was transferred into an alumina crucible, and sintered at 1250 °C
for 5 h under a reduced atmosphere of 10% H, and 90% N,. After cool-
ing to room temperature, the compounds were ground into powders for
further investigation.

Fabrication of the CBPOCE/PDMS Composite Elastomers: The
CBPOCE powders were mixed with the PDMS precursor and the curing
agent with a weight ratio of 5: 10: 1 in a petri dish with a diameter of
60 mm. The mixture was then placed for 20 min to remove the air. After
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that, the mixture was cured in an oven at 70 °C for 30 min, and the
CBPOCE/PDMS composite elastomer was obtained. For ML testing and
analysis, the as-prepared elastomers were cut into strips with a size of
~40 x 10X T mm.

Characterizations: The XRD patterns of all samples were measured on
a Bruker D2 powder X-Ray diffractometer with Cu Ka radiation (4 = 1.5405
A, 30 kV, 10 mA). The morphology information and EDS mappings were
obtained by an SEM (Tescan Clara GHM). The PL spectra were acquired
using an Omni-A300i fluorescence spectrometer with a 500 W Xe 900
lamp as the excitation source. The trap information of the prepared sam-
ples was analyzed by the TL measuring equipment (FJ427A1, Beijing Nu-
clear Instrument Factory). The CL spectrum was obtained through a mod-
ified Mp-Micro-S device coupled to SEM. The composite elastomers were
stretched on a homemade uniaxial tensile apparatus, and the ML signals
were in situ collected and recorded by a fluorescence spectrophotometer
(Omni-A300i, Zolix Instruments Co., Ltd.) linked to a charge-coupled de-
vice (CCD) camera (iVac-316, Edmund Optics Ltd.). The triboelectric po-
tential was measured using a friction tester (MS-T3001, Lanzhou Huahui
Instrument Technology Co., Ltd.) equipped with an electrostatic measure-
ment probe (SK050, KEYENCE (Japan) Co., Ltd.).

Density  Functional ~Theory Calculations: All  calculations were
performed by using the Vienna ab initio simulation package
(VASP)[6364] based on DFT.[6>¢] The projector augmented wave (PAW)

© 2025 Wiley-VCH GmbH
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pseudopotentionals were employed to describe interactions between
jon cores and valence electrons.[®’] The exchange-correlation energy
was treated with the generalized gradient approximation (GGA)®8!
and Perdew—Burke—Ernzerhof (PBE) function. The Brillouin zone was
sampled using k-points with a spacing of ~#0.02 A=" in the Monkhorst—
Pack scheme for all theoretical calculations.[®®] The cutoff energy for
the plane-wave basis was set at 450 eV. The convergence thresholds for
energy and atomic force components were set at 107* eV and 0.05 eV A~
respectively.

Statistical Analysis: ~ All data was processed by Origin software (Version
2027). To avoid the interference by the interfacial broken and intrinsic traps
atthe initial stage and show the exact repeatability and stability of the ITEB-
induced ML, a pre-stretching of 1000 cycles was applied during the tests
in Figure 2b,d,e and Figures S5 and S8 (Supporting Information). For the
data in Figures 1f and 3c, no pre-stretching was applied, because it aimed
to show the entire cyclic process. The pre-stretching was operated by fixing
the CBOPCE/PDMS elastomer on a homemade uniaxial tensile apparatus
for 1000 cycles under the frequency of 3 Hz and the strain of 50%. After a
certain interval following the pre-stretching, the ML intensity began to be
collected continuously. The integration time for ML signal acquisition was
set as 100 ms.

Supporting Information

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