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Efficient Mechanoluminescent Elastomers
for Dual-Responsive Anticounterfeiting Device and
Stretching/Strain Sensor with Multimode Sensibility

Chen Wu, Songshan Zeng, Zhaofeng Wang,* Fu Wang, Hui Zhou, Jiachi Zhang,*

Zhipeng Ci, and Luyi Sun*

In this work, an environmentally friendly and novel oxide-based
mechanoluminescent material, Sr;Al,Og: Eu3*, which can serve as

the alternative for the widely used but environmentally hazardous
transition metal-doped sulfides is reported. This oxide could

exhibit highly efficient photoluminescence, but even more efficient
mechanoluminescence as embedded into polydimethylsiloxane matrix
under mechanical stimulation. The emitting color of the resultant
Sr3Al,0¢: Eu®*/polydimethylsiloxane elastomer composites could be
further manipulated by adjusting the synthesis atmosphere of the
Sr;Al,O¢: Eu?* based on its unique self-reduction characteristic. Moreover,
by combining the wavelength selectivity of photoluminescence and
dynamic stress response of mechanoluminescence, Sr;Al,O¢: Eu3*
enables the design of two types of intriguing devices. They are a dual-
responsive anticounterfeiting flexible device activated by either photons
or mechanics, and a comprehensive stretching/strain sensor capable

of sensing both strain level and stretching states. In comparison to the
conventional luminescent materials, with a rare combination of efficient
photoluminescence, highly sensitive mechanoluminescence, and facile
color tunability, Sr;Al,O¢: Eu3* is much more versatile and ideal for

1. Introduction

Mechanoluminescence (ML) refers to
the phenomenon/process that mate-
rials could emit light under mechanical
stimuli, e.g., friction, stretch, compres-
sion, impact, etc.l'?l Compared with the
conventional photoluminescence (PL)
and electroluminescence (EL), ML mate-
rials could utilize the ubiquitous mechan-
ical energy in daily life to generate light
emissions, avoiding the requirement of
an artificial photon- or electron-excitation
source. Therefore, ML materials show
great advantages in energy saving and
environmental protection.l!

Synthetic ML materials are com-
monly present in the form of crystals or
powders, which can be readily mixed
into bulk matrices to generate structural
nondestructive ML for practical applica-
tions.! Among the fabricated compos-
ites, elastomer-based ones have attracted

various advanced applications.
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increasing attention owing to the rising

requirement of incorporating stress-

sensing characteristic into the flexible/

wearable devices.>®! The present ML
elastomer composites mainly employ transition metal ion
doped sulfides (TM-sulfides) as the luminescent components
because of their intense ML intensity.”¥] However, the TM-
sulfides usually have poor chemical stability, and may cause
severe environmental pollution as well as lack of rich emission
color.®1% Theoretically, rare earth doped oxides (RE-oxides)
are promising alternatives because of their high chemical
stability, nontoxicity, and abundant energy levels.'] To date,
many RE-oxides (such as SrAl,0,: Eu?* 1213 Ca,Nb,0,: Pr3* 114
LiNbO;: Pr3* 15l StMg(PO,),: Eu?*,11% CaAl,Si,0q: Eu?*,l"”l and
St3Sn,;07: Sm*18)) with bright ML have been realized in hard
matrices (matrices with Young’s modulus typically larger than
1 GPa), while no RE-oxide-based ML elastomer composites
were reported due to the lack of complete understanding of
the subtle intrinsic mechanism of ML. Therefore, it is essential
to develop efficient and ideally multicolored ML of RE-oxide-
based elastomer composites, so that flexible devices may
possess remarkable and environmentally friendly mechanical
responsive optical characteristics.
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The applications of ML elastomer composites were barely
explored until recent years.['>-22 For example, Jeong et al. devel-
oped a wind-driven ML device based on a ZnS: Mn?"/Cu?* and
polydimethylsiloxane (PDMS) composite.??! Such a flexible
device exhibited bright warm/neutral/cool white light under
wind stimulation, potentially applied as a novel environmen-
tally friendly and sustainable lighting system. Wang and co-
workers reported a flexible pressure sensor by employing ZnS:
Mn?* powders and poly(ethylene terephthalate).?*! By visual-
izing the dynamic pressure distribution, the pressure sensor
was further exploited to be a personalized handwriting device,
which could not only record the chirography of signees, but also
reflect the writing’s physical strength. Like PL and EL materials,
ML elastomer composites have potential to fabricate encryption
and anticounterfeiting devices as the hidden information could
be disclosed under the stimulus of mechanical force.*>?¢! How-
ever, no specific examples have ever been reported so far. The
present applications of ML elastomer composites are mainly
focused on the mechanical strength-dependent luminescence
or the forms of mechanical behaviors (such as wind, magneto-
striction, and electrostriction), while the intrinsic characteristic
of ML, that is, the ML can only be generated under a dynamic
stress state (such as dynamic stretching), is commonly ignored
for developing possible revolutionary applications. While PL
has been reported to be able to visualize the static tensile strain
level by incorporating the PL materials into soft substrate
attached to a rigid light shielding top layer,?”] it is viable to
construct a comprehensive sensing system to respond to both
strain and stretch state by combining the functionalities of PL
and ML with a rational design strategy. This type of intriguing
stretching/strain sensor can fit the needs of some artificial
intelligent devices for a more comprehensive and dynamic
strain-sensing capabilities, while the present research mainly
focuses on visualizing static strain level.?82°)

The previously reported ML of oxides in hard matrices
required high loads (usually from 500 to 2000 N) for activation,
and the migration of carriers from traps to the conduction band
(CB) was considered as the dominant activation mechanism.237
However, for elastomers with low Young’s modulus, low force
(usually 1-20 N) was applied, which was more difficult to acti-
vate the trapped carries as that in hard matrices. Sr;Al,04: Eu**
(SAOQE) has been reported to exhibit prominent PL based on the
characteristic Eu**~02" charge transfer band (CTB; 3.5-6.2 eV)
for excitation and f-f transitions of Eu?* for emission.BU It
was reported that SAOE possessed a wide band gap (=6.3 eV)
with relatively deep traps (=0.3-1.0 eV),?233 confirming that
there was an energy overlap between Eu**-0%~ CTB and the
trapped carriers. Such characteristics provide the possibility
for the trapped carriers to be directly transferred to CTB for
luminescence, with no need to overcome the energy bar-
rier between traps and CB. This is significant to realize ML
in elastomers. Motivated by this consideration, we prepared
SAOE powders and investigated their ML behaviors in PDMS
elastomers in this work. The results suggest that SAOE could
simultaneously emit bright PL and ML as embedded in a flex-
ible PDMS matrix. The luminescent color can be readily tailored
on the basis of its distinctive structural self-reduction charac-
teristic. Based on the SAOE/PDMS elastomer composites with
both efficient PL and ML, a photonic/mechanical responsive
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anticounterfeiting device was designed with a concealed pat-
tern that is invisible under daylight and can be revealed under
ultraviolet (UV) light source and/or stretched under a dark
environment. Furthermore, a smart stretching/strain sensor
with a bilayer structure (including a dynamic light shielding top
layer) was developed by combining the wavelength selectivity
of PL and dynamic stress responsiveness of ML, which could
effectively sense both of strain levels and stretching states (e.g.,
unstretched, dynamic stretching, and stretched to keep a static
strain).

2. Results and Discussion

2.1. ML Performance of SAOE/PDMS Composite

The SAOE powders were determined to be single phase of cubic
structure with space group of P,3 (Figure S1, Supporting Infor-
mation). PDMS was chosen as the elastomer matrix because
of its softness/stretchability, ease of fabrication, high optical
transparency, and efficient stress transfer ability.3*l The struc-
ture of the as-prepared SAOE/PDMS composite is schemati-
cally shown in Figure 1a. Under the stimuli of rubbing and/or
stretching, the SAOE/PDMS composite exhibited intense ML.
For definite description, the rubbing and stretching-induced
ML are denoted as triboluminescence (TL) and stretch lumi-
nescence (SL), respectively. The PL behaviors of the SAOE sam-
ples were also investigated for exploring the ML mechanisms
(Figure 1b and Figure S2a, Supporting Information). Both PL
and ML emissions of SAOE could be attributed to the charac-
teristic f-f transitions of Eu**.’®l However, the electric-dipole
(*Dy—’F, at 612 nm) and magnetic-dipole (*Dy—’F; at 594 nm)
transitions show different behaviors in ML and PL processes
(Figure 1Db). For PL, the asymmetric ratio (*Dy—’F,)/(*Dy—’F;)
is calculated to be 1.49, which is much higher than that of TL
(0.92) and SL (0.86). Such a phenomenon suggests that lattice
distortion occurs during ML, since the electric-dipole transition
is hypersensitive on the structure symmetry.*® Both PL and
ML show similar doping concentration-dependent luminescent
intensity variation (Figure S2, Supporting Information), origi-
nating from the competition between radiative and nonradia-
tive transfers of Eu’*.1%’]

By comparing the PL and ML spectra of SAOE, one can con-
clude that their emitting processes both originated from the
characteristics ff transitions of Eu**. However, the excitation
and energy transfer processes of PL and ML are different. To
further understand the excitation and energy transfer of ML
of SAOE in PDMS elastomers, thermoluminescence (ThL)
spectrometer was employed. Figure S3 (Supporting Informa-
tion) shows the ThL spectra of SAOE under the conditions
of before ML, after ML, and after further UV irradiation. The
physical information of traps and trapped carriers in the struc-
ture could be analyzed based on a classical method (Equations
(S1)—(S5), Supporting Information). The corresponding results
are presented in Table S1 (Supporting Information). By com-
paring the trap depths and densities of the trapped carriers
before and after ML (Figure 1c), it is evident that nearly all car-
riers in shallow trap have been released, while deep traps have
moved to a shallow position with most of the trapped carriers
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Figure 1. a) Schematic of the ML composite with a cross-section SEM image; scale bar: 50 nm. b) PL, SL, and TL spectral characteristics of Sr;Al,04: 8%
Eu’*/PDMS elastomer; insets: luminescent photographs of the corresponding composites. c) Variations of trap depths and carrier densities in Sr;Al,Og:
8% Eu®* before ML, after ML, and after further UV irradiation. d) Capacity of ML regeneration of SAOE/PDMS composite after 1000 cycles of stretching.
e) Horizontal comparison of the ML performance of the Sr;Al,O: 8% Eu**/PDMS composite and ZnS: 1.2% Mn?*/PDMS composite; insets: integrated
ML intensities. f) Structural illustration of the proposed stress-assisted trap model based on lattice distortion and tunneling processes for ML.

released. Such results provide direct evidence that the release of
trapped carriers in the structure should be intrinsically respon-
sible for ML generation. After further irradiating the mechani-
cally stimulated SAOE by a UV lamp, both the trap depths and
carrier densities were restored to a great extent, endowing the
SAOE/PDMS composite with a capability of ML regeneration.
Note that after 1000 cycles of mechanical tests and further UV
irradiation, the ML intensity of the SAOE/PDMS composite
could maintain =90% of the initial value (Figure 1d). To explore
the migration paths of the carriers from traps, the ML decay
of the SAOE/PDMS composite was measured and plotted as a
function of reciprocal intensity (I"!) versus time (t), as shown
in Figure S4a (Supporting Information). The nearly linear
dependence of I'! versus t suggests that the tunneling-related
processes should be responsible for the ML of SAOE in PDMS
elastomers, which could avoid the energy barrier between traps
and CB.B® Since there is an energy overlap between Eu?*-0%-
CTB (4.05-5.64 eV) and trapped carriers (5.37-5.93 eV)
in SAOE, it is suggested that the tunneling transfer of car-
riers from traps to Eu**~0%~ CTB should be the ML activation
mechanism of SAOE. This explains why SAOE could exhibit
intense ML even in PDMS elastomers. The electrons in CTB
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would then be transferred to the excited energy levels of Eu®*,
and finally generate the characteristic emissions of Eu**. The
structural illustration of the ML generation of SAOE in PDMS
elastomers based on the lattice distortion and tunneling pro-
cesses is presented in Figure 1f, and detailed PL and ML
mechanisms are depicted in an energy diagram as shown in
Figure S4b (Supporting Information).

To estimate the ML efficiency, the Sr;Al,O4 Eu**/PDMS
composite was compared with the well-recognized ML mate-
rial, ZnS: 1.2% Mn?" 3l under the same measuring conditions,
e.g., the composition of luminescent powders and PDMS elas-
tomers, stretching conditions, and optical signal collections. It
was found that Sr;Al,04: 8% Eu’t exhibits an even higher ML
intensity in a PDMS elastomer (=105%), as shown in Figure 1le.
Moreover, SAOE shows much purer red color with color coordi-
nates of (x = 0.64, y = 0.35; Figure S5, Supporting Information)
than that of ZnS: Mn?* (x = 0.53, y = 0.46).

2.2. ML Color Manipulation

In the structure of Sr;Al,Og, europium ions occupy the sites of
strontium partially surrounded by AlO, tetrahedrons. Under
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Figure 2. a) lllustration of the form of europium in Sr3Al,Og under air, nitrogen, and nitrogen/hydrogen atmosphere. b) XPS Eu 3d spectra of Sr3Al,O:
8% Eu3* synthesized under different atmospheres. c) PL and d) ML color manipulation of the as-prepared SAOE/PDMS composites based on various
Eu3*/Eu?* ratios. e) Color coordinates of the above PL and ML marked on the 1931 CIE diagram. f) Carrier migration abilities of SAOE synthesized
under different experimental atmospheres. g) Charge compensation model for the self-reduction of europium in Sr;Al,O.

the experimental condition of air atmosphere, europium is
maintained in oxidation state because of the participation of
oxygen, exhibiting intrinsic red emission of Eu’*. It is inter-
esting to observe that Eu*" ions could spontaneously reduce
to Eu?* under an atmosphere of nitrogen (an inert environ-
ment with no oxidation and no reduction), which is called
self-reduction (Figure 2a,b). Such a phenomenon is believed
to be aroused by interior charge self-regulation owing to the
nonequivalent substitutions of Eu** to Sr2+3640] ag illustrated
in Figure 2g. While the previous reports regarding self-reduc-
tion had been performed in air synthetic atmosphere, e.g.,
Eu** doped BaMgSiO,*! SrB,0,,* and Sr,Al140,5,* the
characteristics of nonreduction of Eu*" in air and self-reduc-
tion of Eu®" in nitrogen are suggested to be attributed to the
deficient shielding effect of AlO, tetrahedrons, which allows
St3Al,04 wide adjustment range of Eu**/Eu®* ratio. By further
introducing the reduction atmosphere of hydrogen during syn-
thesis, more Eu®" ions were reduced to Eu?* ones. Since Eu?*
exhibits a characteristic d-f emission band located in blue—
green range, color manipulation in both PL (from red to yellow
and green) and ML (from red to yellowish white) was demon-
strated in Figure 2c-e. The ML of both Eu?* and Eu** was con-
firmed to come from the released carriers from traps (Figure 2f;
Figure S6 and Table S2, Supporting Information).
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2.3. Dual-Responsive Anticounterfeiting Device

In addition to lighting and displays, luminescent materials
demonstrate promising applications in anticounterfeiting
and encryption.?7#4®1 At present, PL materials are mainly
employed as the functional components and multilevel anti-
counterfeiting is further realized based on the adjustments
of PL characteristics (e.g., upconversion, downconversion,
phosphorescence, etc.).**#’] Here, we present a stimulating
dual-responsive anticounterfeiting device based on the PL and
SL characteristics of SAOE (Figure 3). As shown in Figure 3a,
the pattern of “ML” was extracted from the cured SAOE/PDMS
composite, which was then placed in the uncured PDMS/
TiO, matrix, followed by the immediate curing of this matrix
at 60 °C for 4 h. To visually hide the embedded “ML’ pattern,
TiO, powders were introduced into the device as a background,
because it shows the same white color as that of the “ML” pat-
tern under daylight and does not generate interference with
the produced PL and ML signals. Under daylight, the “ML’
pattern was invisible in the SAOE/TiO,/PDMS flexible device
at either unstretched or stretched states (Figure 3b). However,
this hidden pattern could be clearly exhibited when irradi-
ated by a UV light or experiencing a stretch stimulus in dark
environment (Figure 3c,d). Compared to the conventional
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Figure 3. a) Schematic of the fabrication procedures of the dual-responsive anticounterfeiting device. b) Photographs of the device in the conditions
of unstretched and stretched under daylight. c) Photon- and stretch-response of the anticounterfeiting device under dark environment. d) Spectra of
the device under unstimulated, photon-stimulated, and stretch-stimulated conditions.

anticounterfeiting device made by PL materials responding to
only one stimulus, this intriguing dual-responsive anticoun-
terfeiting device activated by both UV radiation and mechan-
ical strain is expected to further elevate the security level of
anticounterfeiting technology.

2.4. Stretching/Strain Sensor with Multimode Sensibility

The unique intrinsic characteristic of ML is the dynamic stretch
stress responsiveness. In contrast, it is well known that PL is a
process independent of stress. If an ML material and a PL mate-
rial are combined in one elastomer substrate with a rigid light
shielding layer atop, there should be no luminescence emitted
from the device under an unstretched state. When the device
is stretched, a crack opening on the light shielding layer would
allow the excitation light to reach the elastomer layer. Thus, as
a dynamic stretching is applied, the overall luminescence of the
device would come from the combination of ML and PL under
the above structural design. While the device is stretched with
a static strain, there should be only the luminescence from
PL. If the overall emitting color of the combination of ML and
PL is distinctively different from the PL only color, it is pos-
sible to allow the device to distinguish the stretching states
(unstretched, dynamic stretching, and stretched to keep a static
strain) and indicate the strain applied on the device. To realize
the above design, we made a stretchable device based on an
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SAOE/PDMS composite (Figure 4a). Here, two kinds of SAOE,
one synthesized in air (red emitting) and the other in a nitrogen/
hydrogen atmosphere (green emitting), which were denoted
as SAOE-R and SAOE-G, respectively, were employed for
making the SAOE/PDMS composite. A thin Au layer (=15 nm
in thickness) was sputter coated atop the SAOE/PDMS sub-
strate, which could shield the external UV radiation to the
SAOE phosphors at unstretched state. Upon stretching, the
light shielding Au layer would be cracked and the opening of
the cracks could lead to the activation of the PL underneath
(Figure 4b). Once released, the cracks can completely close
to re-generate the shielding effect, thus no luminescence can
be observed (Figure 4c). To obtain an optimal sensing perfor-
mance, a UV light of 340 nm was employed as the irradiation
source according to the different excitation wavelength selec-
tivity for the PL of SAOE-R (very weak PL excited by 340 nm
which can be ignored in this excitation wavelength; Figure S7,
Supporting Information) and SAOE-G (strong green PL excited
by 340 nm and become the dominating PL color in this exci-
tation wavelength as combined with SAOE-R; Figure S7, Sup-
porting Information). As the device undergoes a stimulus of
dynamic stretching (from the moment of starting stretching
to the moment of the device reach the predetermined strain;
stretching speed: 60 mm s7!), ML of SAOE-R (red light) and
SAOE-G (green light), as well as the PL of SAOE-G (green
light) appeared. Therefore, in this case, the device exhibited
collective emissions with yellow color (Figure 4d), indicating

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) lllustration of the fabrication processes of the SAOE/PDMS composite—based stretching/strain sensor with a thin Au light shielding
layer. b) Optical microscopic images of crack opening on the Au layer after stretched at a strain of 15% (left) and 30% (right); scale bar: 100 um. c—e)
Schematic structure and corresponding mechanical responsive luminescence of the bi-layered stretching/strain sensor under conditions of unstretched
(strain-free), dynamic stretching (dynamic tensile strain: 9%; stretching speed: 60 mm s'), and stretched to maintain at a static strain (static tensile
strain: 9%), respectively. f) Strain-dependent luminescent spectra of the device under a dynamic stretching state. g) Static tensile strain-dependent
luminescent spectra of the device; each spectrum was captured after the device reaching the predetermined strain and in a static state. h) lllustration
of the emitting color evolution from the dynamic stretching state (combination of the PL of SAOE-G and ML of SAOE-R) to the static tensile strain

state (PL of SAOE-G) of the sensor on the 1931 CIE diagram.

the generation of dynamic stretching. If the stretching
motion stops but a static strain is maintained on the device,
ML of the SAOE disappeared, while the PL of SAOE-G was
maintained. As a result, the device showed green light indi-
cating that the device was stretched but kept at a static strain
(Figure 4e). The continuous luminescence change of the as-
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fabricated stretching/strain sensor from the unstretched state
to the states of dynamic stretching and stretched to main-
tain at a static strain was presented in Movie S1 (Supporting
Information).

In addition to effectively sensing the applied stretching states,
tensile strain level under different stretching states could be
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identified simultaneously. Figure 4f,g shows the tensile strain—
dependent luminescent spectra of the bi-layered stretching/
strain sensor under the states of dynamic tensile stretching
and stretched to maintain at a static strain (static tensile strain),
respectively. All spectra were captured by a CCD camera with an
integrated time of 0.1 s. Along with the increase of strain, the
emission intensity at 524 nm gradually increased regardless of
dynamic tensile strain or static tensile strain (Figure S8a, Sup-
porting Information), endowing the device with the ability to
specifically determine the strain level. Moreover, the lumines-
cence emitted from the device under dynamic stretching shows
gradual color evolution from orange-yellow to green-yellow
(Figure 4h) with an increasing tensile strain, allowing the
device to sense the dynamic strain level based on the emitting
color or the color coordinates (x, y), as shown in the Figure S8b
(Supporting Information). Note that the ML intensity of the
device under dynamic stretching gradually decreases along
with an increase of strain due to the continuous consumption
of trapped electrons in structure (Figure 4f); the sensing of
dynamic stretching state and strain level responses in this bi-
layered sensor are valid when the strain is below 18%. A wider
strain variation range can be easily achieved by employing an
elastomer matrix with a higher stretchability. The as-fabricated
SAOE/PDMS composite-based stretching/strain sensor with
multimode sensibility shows promising application prospects
in mechanical failure monitoring, intelligent artificial skin, and
other related fields.

3. Conclusion

In summary, we have developed SAOE/PDMS composites with
intense ML, whose intensity is even higher than that of ZnS:
Mn?*. The variation of site symmetry of luminescent centers
as well as the carrier migration from traps stimulated by stress
provides direct evidence for the ML mechanisms. The unique
lattice structure endows SAOE with the ability of self-reduc-
tion, and therefore color manipulation was easily realized by
adjusting the reaction atmosphere. Based on the PL and ML
performance of the SAOE/PDMS composite, a dual-responsive
anticounterfeiting device was fabricated. Furthermore, by
combining the wavelength selectivity of PL and dynamic
tensile stress responsiveness of ML, an unprecedented
stretching/strain sensor was developed which could sense
the stretching states and strain level simultaneously, showing
promising applications in mechanical failure monitoring, intel-
ligent artificial skin, and other related fields.
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