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A NIR light-triggered pyroelectric-dominated
generator based on a liquid crystal elastomer
composite actuator for photoelectric conversion
and self-powered sensingf

*

Wanyuan Wei, i Jingjing Gao,{ Jingfeng Yang, Jie Wei'® and Jinbao Guo

Transducing light into electricity in photoactive materials and composites is especially attractive for light
sensing and light energy harvesting. Here, we present a near-infrared (NIR) light-triggered pyroelectric-
based generator by integrating a photoresponsive composite actuator composed of a liquid crystal
elastomer (LCE) and graphene-doped poly(dimethylsiloxane) (PDMS) into a polyvinylidene fluoride
(PVDF) film, which can effectively convert photothermal and mechanical energy into electricity. Notably,
a NIR light photothermal-triggered pyroelectric effect leads to outstanding electric output performance
resulting from the large temperature fluctuation induced by the contact and separation between the
LCE-based composite actuator and PVDF film upon turning on or off the NIR illumination. In addition,
the photothermal pyroelectric property arising from the thermal fluctuations makes the hybrid generator
highly suitable as a self-powered NIR light and temperature sensor. This light-driven LCE-based hybrid

rsc.li/rsc-advances

1. Introduction

Energy harvesting has garnered immense interest from both
industry and academia due to the growing energy demands of
society and the realization of autonomous and self-powered
systems.'"® Notably, in recent years, considerable attention has
been paid to functional materials converting light energy into
electric energy due to their applications in many fields, such as
energy harvesting, self-powered electronics and sensors.”*® To
this end, photoelectric conversion by introducing photo-
responsive materials into electronic devices may provide a new
means of first changing light energy into thermal energy or
mechanical energy and then further converting it into elec-
tricity.™"* As an alternative, the integration of photosensitive
materials with multiphysical polymer polyvinylidene fluoride
(PVDF) or its derivatives may become a popular choice.’**' On
the one hand, PVDF is an attractive material with piezoelectric,
pyroelectric, and triboelectric properties and may serve as
a multifunctional carrier able to simultaneously harvest
different kinds of energy. In comparison to ceramic pyroelectric
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generator opens a new opportunity for developing novel power generators and active sensors.

materials, PVDF has mechanical flexibility, high strain and
transparency, which lead to a wide range of applications, such
as flexible energy conversion devices, wearable devices and
other electric devices.”””” On the other hand, among the various
types of photoactuators with integrated optical-to-mechanical
energy conversion capacity, including those constructed from
gel, elastomer, crystal or liquid crystal (LC) materials,* photo-
chemical- or photothermal-driven LC elastomer (LCE) actuators
exhibit excellent photoactuation performance due to their
unique ability to control actuation rapidly, precisely and
remotely.”* Thus far, two studies on the development of
photoelectric energy-conversion composite systems by inte-
grating LCE-based composite photoactuators have been re-
ported.'”** However, one of the main challenges for these
systems lies in their limited photoelectric conversion efficiency
(voltage output at the millivolt level). To date, an LCE-based
photoelectric energy-conversion system that is based mainly
on the pyroelectric effect and that produces high photothermal
heat-to-electricity conversion has not been explored.

In this work, we demonstrate an NIR light-triggered
pyroelectric-based generator by associating a novel photo-
responsive LCE composite actuator with a multifunctional
PVDF film. A schematic illustration of the generator is pre-
sented in Fig. 1a. Here, pyroelectric-dominated photoelectric
conversion is achieved by coupling the photomechanical
property inherent to the LCE-based composite actuator with the
multiphysical properties of the PVDF film. To realize energy
transfer from light to electricity, we fabricate an LCE composite

This journal is © The Royal Society of Chemistry 2018
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Fig. 1

(@) A schematic illustration of the hybrid generator device. The inset images, left: chemical structures of the materials used for the

fabrication of the LCE; right: photograph of the cross-linked LCE before and after NIR light irradiation. (b) The schematic photogram of the

fabrication process of the bilayer LCE-based composite film.

actuator by casting graphene-doped PDMS on an LCE layer, and
the resultant LCE-based photoactuator with a bilayer structure
exhibits fast and strong bending and unbending when sub-
jected to and removed from 980 nm NIR light exposure.
Furthermore, under periodic irradiation with 980 nm NIR light,
the LCE-based actuator and PVDF film in the designed gener-
ator exhibit reversible contacting and separation, causing
a large temperature fluctuation and hence producing a desir-
able change in polarization intensity of the PVDF film as well as
different triboelectric polarities between the two sections. The
investigation of the working mechanisms reveals that the large
output voltage/current signals of the hybrid generator mainly
stem from the pyroelectric effect. Finally, this generator con-
structed from photoresponsive LCE composite actuator is
demonstrated as a self-powered NIR light and temperature
sensor. This study is the first attempt to construct a light-driven
pyroelectric-based generator using a photomechanical LCE-

This journal is © The Royal Society of Chemistry 2018

based composite actuator. Indeed, the results suggest a facile
and effective method for developing LCE-based photoactuator
materials in the capture and sensing of light.

2. Results and discussion

2.1 Fabrication and deformation behavior of LCE-based
composite actuator

To fabricate a bilayer photoactuator composed of one active
LCE layer and one graphene-doped PDMS composite layer
(Fig. 1a), a planar-aligned LCE layer was first prepared using
a UV-light-induced photopolymerization process in a planar cell
as shown in Fig. 1b. A schematic of the cross-linked polymer
network after UV curing is illustrated in the right inset image of
Fig. 1a. Herein, the chemical structures of the components of
the LCE precursor used to prepare the LCE layer are shown in
the left inset image of Fig. 1a. After one side of the glass

RSC Adv., 2018, 8, 40856-40865 | 40857
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substrate was removed from the LC cell, the PDMS precursor
doped with 5.0 wt% graphene sheets and trace amounts of n-
hexane was cast onto the LCE layer. Then, it was heated at 80 °C
for 1.0 h to induce curing of the PDMS. Finally, a self-supported
bilayer composite film was obtained by eliminating the other
side of the glass substrate. All experimental details are available
in the Experimental section.

Fig. 2a shows a schematic diagram of the obtained LCE/
graphene-PDMS bilayer composite film. A cross-sectional
scanning electron micrograph (SEM) image of the bilayer
composite film is shown in Fig. 2b. The graphene-doped PDMS
layer and LCE were compactly contacted with each other, and
the thickness of the LCE layer (bottom) and the graphene-
PDMS layer (top) were approximately 27.6 and 37.5 um,
respectively. The surface of the graphene-PDMS composite
layer was smooth, and the graphene sheets were uniformly
distributed in the PDMS matrix. We have two reasons for
designing a photoactuator with such a special structure: (1)
PDMS is a good candidate as a frictional layer in a graphene-
doped PDMS composite layer, and graphene can efficiently
absorb and transform NIR light into thermal energy, thereby
serving as an effective heater to induce the phase transition of
the LCE layer and to heat the PVDF layer; (2) in contrast with
previous studies, this study added graphene as a heater to the
PDMS matrix instead of the LCE layer because the graphene-
doped PDMS could also be expected to improve the output
voltage/current of the generator.** As illustrated in Fig. 2c, when
the NIR light is incident to the LCE layer, bending deformation
of the photoactuator could be clearly observed, and the bending
actuation of the bilayer film was found to be fast and reversible.
In a typical bilayer composite film with a length of 2.0 cm, the
time needed to bend to the film to its maximum curvature is
approximately 11.4 s, and the recovery time is approximately
11.2 s after turning off the NIR light, as shown in Fig. 2c (see
details in Movie 1, ESIt). Moreover, when the NIR light is on, the
temperature of the LCE-based bilayer film could reach 104.8 °C
(Fig. 2d), which is well beyond the T, of the LCE layer (Fig. S1,
ESIT). The relationship between curvature and film temperature
is demonstrated in Fig. 2e. It is clear that the curvature of the
composite film becomes large as the temperature of the film
surface increases. In our design, doped graphene is a good
photothermal conversion additive in the photoresponsive
bilayer actuators and is capable of absorbing NIR light and
transforming it into thermal energy. It is concluded from the
above results that the NIR light could be absorbed immediately
by the graphene sheets present at the interface of the LCE and
graphene-PDMS layers due to the good transparency of the LCE
layer. Furthermore, the converted heat energy is then trans-
ported to both the LCE layer and the PDMS/graphene layer, as
shown by the schematic view of the heat transfer process in
Fig. 2f. This analytical result is essentially consistent with the
experimental measurement shown in Fig. 2d, which is also
similar to another photo-driven soft actuator.*” In the geometry
studied here, graphene doped in PDMS can efficiently absorb
and transform NIR light into thermal energy, thereby inducing
the LCE N-I phase transition and reducing the order parameter
in the LC molecules. As a result, the planar-aligned LCE layer in

40858 | RSC Adv., 2018, 8, 40856-40865

View Article Online

Paper

the bilayer film underwent significant in-plane contraction.
Because the LCE layer contracted along the alignment direction
while the PDMS layer remained unchanged instead of the
difference in thermal expansion coefficient between the two
layers, the bilayer photoactuator bent towards the LCE layer.
This analysis was supported by the fact that almost no change in
curvature was observed when the NIR light intensity exceeded
160 mW cm 2, as shown in Fig. 2g (see more details in Fig. S2
and S3, ESIf). This bending mechanism is similar to that of
SWNT-LCE composite/silicone bilayer and quasi-bilayer LCE-
based composite films in previous reports.*”***” Fig. 2h shows
the variation in the flat and bending angles with cycling before
and after exposure to NIR light. Notably, the bilayer photome-
chanical actuator remained intact even after over 20 cycles of
reversible bending and unbending. This result suggested that
a reversible deformation process could be achieved after
cycling. In fact, NIR light-induced bending actuation could be
controlled by adjusting the NIR light intensity, graphene
content and layer thickness. In this study, the LCE-based pho-
toactuator exhibited ideal performance through a series of
comparative experiments, including the photoactuator con-
taining 5.0 wt% graphene in a PDMS matrix.

2.2 Pyroelectric-based generator constructed from LCE-
based composite actuator

Fig. 3a and a’' present photographs of the pyroelectric-
dominated generator in the initial state and the maximum
bending state, respectively. In our design, the generator was
composed of an LCE-graphene-doped PDMS bilayer photo-
actuator and a PVDF film with aluminum (Al) electrodes on
both surfaces. Importantly, the Al-based metallic electrodes on
both sides of the PVDF layer have high thermal and electrical
conductivity, which enables efficient heat transfer at the inter-
face between the Al electrode and the PVDF film. In this study,
these two sections were bonded together on the one end, and
the experimental details are available in the Experimental
section. Fig. 3b and b’ show the measured Al surface tempera-
tures upon exposure to the NIR light in the on and off states
during the bending deformation. The obtained generator
clearly still exhibited bending deformation upon irradiation
with 980 nm NIR light, and the dynamic process is also available
(see details in Movie 2, ESIT). When the generator underwent
bending upon irradiation with NIR light, the distance between
the bilayer photoactuator and Al-coated PVDF film decreased
gradually until the last contact, while the opposite process
occurred upon turning off the NIR light. This reversible contact
and separation between the LCE-based composite photo-
actuator and Al-coated PVDF film could be attributed to the
bending deformation of the photothermal-driven LCE-based
photoactuator, as discussed above. To reveal the photoelectric
conversion performance, the generator was irradiated by peri-
odically turning on and off a 980 nm NIR laser with a fixed
intensity of 160 mW cm™? in the following experiment. The
equipment used in the measurement of output signals is
provided in Fig. S4.7 As shown in Fig. 3c, a positive voltage is
observed when the composite film bends accompanied by the

This journal is © The Royal Society of Chemistry 2018
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(a) Schematic diagram of the obtained LCE/graphene—PDMS bilayer composite film. (b) A cross-section view of SEM image of the bilayer

composite film. (c) The bending deformation process of the LCE-based photoactuator. (d) The surface temperature of the photoactuator
measured by thermal image recording. (e) The variations in bending curvature and surface temperature as a function of irradiation time. (f) A
schematic view of the heat transfer process in the bilayer photoactuator. (g) The bending angle as a function of 980 nm NIR light intensity. (h)
Variation in the flat and bending angles with cycling before and after exposure to NIR light.

contact between the top section and bottom section upon irra-
diation with 980 nm NIR light, while a negative voltage appears
when the composite film recovers to the original state of sepa-
ration between the top and bottom parts after the NIR laser light

This journal is © The Royal Society of Chemistry 2018

is turned off. Fig. 3c and d show the measured output voltage
and output current signals of the generator, respectively. The
results indicate that the output voltage is approximately 20 V
and that the output current is approximately 6.0 nA.

RSC Adv., 2018, 8, 40856-40865 | 40859
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(a) and (a') Photo images of the hybrid generator at initial state and the maximum bending state, respectively. (b) and (b’) The measured

surface temperatures of Al-coated PVDF film upon the NIR light on and off states during the bending deformation. (c) and (d) Output voltage and

current signals of the hybrid device, respectively.

In addition, this generator can produce voltage and current
signals at a certain frequency when it was bent and released
reversibly together with separation and contact between the top
and bottom sections. Specifically, the analysis of one bending
deformation cycle is provided (Fig. S5, ESIt). The response
times of both the voltage and current generation were consis-
tent with that of the bending deformation of the generator.

On the basis of the experimental data and analysis, it is
reasonable to postulate that such a large output electric signal
(especially voltage output) in the device may be mainly attrib-
uted to pyroelectric effect. To verify this point, we designed an
experiment to independently evaluate this effect. The LCE
composite photoactuator and PVDF section was attached
together without bending deformation, followed by the irradi-
ation by periodically turning on and off a 980 nm NIR laser. The
output voltage and current signals derived from only the pyro-
electric effect are shown in Fig. 4a and b, respectively. In
comparison with the generator data, the results clearly show
that the pyroelectric effect is the primary contributor to the
overall output signals. As shown in Fig. 3b and b/, a large

40860 | RSC Adv., 2018, 8, 40856-40865

temperature change (AT = 78.3 °C) occurred on the surface of
the PVDF surface during the separation and contact process.
This temperature change produces a significant pyroelectric
effect and thus generates a large output voltage signal as well as
a current signal. Furthermore, compared with the pure PVDF
film by directly applying periodic NIR light irradiation, the
pyroelectric voltage output of the generator demonstrated here
increases by about 5 times and the current output raises by
around 1.5 times (see more details in Fig. S6, ESIT). Notably, the
induced change in temperature (thermal gradient) in a pyro-
electric device is highly desirable for effective conversion of
thermal radiation energy to electric energy.* In this system, the
large temperature change derived from heat transfer during the
separation and contact process between the photoactuator and
PVDF film had a positive effect on the energy conversion.
Herein, the designed structure is a unique innovation for
achieving highly efficient pyroelectric conversion. It should also
be noted that this work utilizes a simple PVDF film to show the
pyroelectric effect, and it is not difficult to further improve the
output performances of the device, such as structuring

This journal is © The Royal Society of Chemistry 2018
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(a) The output voltage and (b) current signals derived from the triboelectric—piezoelectric, pyroelectric and hybrid effects, respectively.

(c)—(e): Schematic illustration of the working mechanisms of the pyroelectric, triboelectric and piezoelectric effects.

pyroelectric materials with at multiple scales.*® In addition, the
bending deformation accompanying the contact and separation
process may also produce output electric signals. As depicted in
Fig. 4a and b, the output voltage and current derived from the
triboelectric-piezoelectric effects could be obtained when

This journal is © The Royal Society of Chemistry 2018

similar bending processes were carried out without NIR light
irradiation. Although the values are much smaller than those
contributed by the pyroelectric effect, it could also be confirmed
that triboelectric-piezoelectric effects make a positive contri-
bution to the output electric signals in the hybrid device (the

RSC Adv., 2018, 8, 40856-40865 | 40861
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inset images of Fig. 4a and b). Subsequently, the pyroelectric,
triboelectric and piezoelectric output signals from the generator
were integrated to produce a total electric output voltage of up
to approximately 20 V under the concurrence of a thermal
gradient (heating and cooling mode), friction (contact and
separation) and deformation (bending-unbending mode).

The working mechanisms of the hybrid device was then
studied in detail. Fig. 4c explains the pyroelectric output of the
generator. In the device structure, the PVDF film is placed
upward in the polarization direction. During the reversible
bending process accompanied by the contact between the two
parts upon NIR light irradiation, the heat generated from the
high radiation absorption of the graphene may be transferred
from the graphene-doped PDMS layer in the LCE-based pho-
toactuators to the PVDF film, thereby resulting in a decrease in
the dipole moments and a reduction in the polarization density
in the PVDF film. Consequently, the potential between the top
and bottom electrodes is generated in an open-circuit state, and
an induced current occurs between the electrodes under short-
circuit conditions. After the LCE-based photoactuator and PVDF
film separate upon turning off the NIR light, the increase in the
polarization density resulting from the heat dissipation from
the PVDF film induces a flow of electrons in the reverse direc-
tion. As shown in Fig. 4d, the triboelectric effect originates from
the coupling of triboelectrification and electrostatic induction.
Specifically, upon contact/friction between the two parts of the
hybrid generator in response to NIR light irradiation, the elec-
trons in the graphene-doped PDMS layer may be transferred to
the surface of the Al layer because of the difference in
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triboelectric polarity between these two layers. Furthermore,
after the separation of the graphene-doped PDMS layer and the
Al metal layer, the formed triboelectric charges induce the flow
of electrons from the top Al electrode to the bottom Al electrode
due to the electrostatic induction effect. Eventually, the output
current/voltages resulting from the triboelectric effect could be
observed. In addition, when the bending deformation of the
PVDF film happens, the reduced volume of the PVDF film leads
to an enhancement in the polarization density. Thus, the
current flows from the top electrode to the bottom electrode.
That is, the piezoelectric effect can also produce detectable
output current/voltage signals during the bending/unbending
process, as depicted in Fig. 4e. It should be noted that the
current signal direction of the piezoelectric effect is opposite to
that of the triboelectric effect. However, the output signals
derived from these two effects have the same direction as the
pyroelectric effect (Fig. S7, ESI}), suggesting a positive contri-
bution to the overall signals. The analysis result is also consis-
tent with the experimental data demonstrated above. All the
above observations mean that the pyroelectric effect is domi-
nant in electric output of the generator, while the triboelectric-
piezoelectric effects could not be ignored.

2.3 Self-powered NIR light- and temperature- sensors

The photoelectric-converting device could be used as a self-
powered NIR light sensor for intensity monitoring. It is well
known that the intensity of 980 nm NIR laser light is a vital
indicator for NIR light sources. Here, we use the composite
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device to detect four intensities of 980 nm NIR light: 85 mW
cm ™2, 110 mW ecm ™2, 135 mW ecm ™ > and 160 mW cm ™. Fig. 5a
shows the open-circuit voltages of the device in four states at an
ambient temperature of 25 °C. It is clearly shown that NIR light
intensity can be directly reflected by the output voltage signals.
Moreover, the intensity of the output electrical signals basically
presented an increasing trend as the NIR light intensity
increased, as shown in Fig. 5b. This phenomenon should be
ascribed to the larger temperature difference induced by
a higher NIR light intensity, as shown in the inset image in
Fig. 4b. From the above experimental results, it may be
concluded that the output electrical signals of the photoelectric
device can directly record the intensity of the NIR light. In
addition, this photo-conversion device could also be promising
for environmental temperature detection because the output
electrical signals of the device are closely related to the
temperature. Under a certain NIR light intensity (160 mW
cm?), the output level of the device as a function of ambient
temperature was investigated, and the result is shown in Fig. 5¢
and d. The results indicate that the open-circuit voltage of the
device increases as the environment temperature decreases.
The reason for this behavior is that the larger temperature
difference at low temperature can increase the pyroelectric
conversion effect. These performances suggested that the
device could also serve as a self-powered sensor for environ-
mental temperature monitoring. Additionally, it was shown that
the device could be employed as a generator to drive another
electric device, as presented in Fig. S8 and S9.7 Finally, on the
basis of the time dependence of the electric signals during the
bending deformation process, the device could be employed to
measure the movement rates of an object, as shown in Fig. S10
and S11.1 These demonstrations further show the potential of
the photoelectric conversion device for practical applications.

3. Conclusions

In summary, we have developed a NIR light-triggered generator
composed of a composite photoactuator comprising an LCE/
graphene-doped PDMS bilayer structure and an Al-coated PVDF
film. The generator is able to work not only as an efficient
photoelectric energy converter but also as a self-powered sensor.
The photoinduced contact and separation between the LCE-
based photoactuator and the PVDF film in the hybrid gener-
ator efficiently converts photothermal and mechanical energy
into electricity. In the case of a generator in which the length
and width of the photoactuator are 2.0 cm and 0.6 cm, respec-
tively, it exhibits a high output voltage in excess of 20 V and
a reasonable output current of 6.0 nA. In particular, the large
electric output signals of the generator were mainly attributed
to the considerable pyroelectric energy transformation, which
was caused by the large temperature fluctuations arising from
heating and cooling during the contact and separation between
the two sections of the hybrid generator. Furthermore, the
generator was also demonstrated as a multifunctional self-
powered sensor for detecting both NIR light intensity and
ambient temperature variation. Thus, the proposed work
provides a feasible way to develop new light-driven
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photoelectric conversion devices displaying good performance
as both power generators and active sensors.

4. Experimental section
4.1 Materials

Most of the chemicals and solvents were obtained from
commercial sources. The monoacrylate LC monomers AC-6CN
and A60OCB were purchased from Bayi Space LCD. The dia-
crylate LC monomer C6M was synthesized in our lab according
to the previous report.* And '"H-NMR of C6M is shown in
Fig. S12.1 The photoinitiator Darocur 2959 was purchased from
J&K Scientific Ltd. Graphene was purchased from Hefei Vigon
Material Technology Co., Ltd. PDMS solution (Sylgard 184, Dow
Corning) contained both the elastomer and the curing agent at
a weight ratio of 10 : 1. Poly(vinylidene fluoride) (PVDF) coated
with aluminum layers on both sides was purchased from
Goodfellow Cambridge Limited.

4.2 Preparation of the LCE film

The LCE precursor was prepared by dissolving the LC mono-
mers and photoinitiator in dichloromethane in the following
ratios: 30 wt% AC-6CN, 30 wt% A60OCB, 40 wt% C6M and
2.0 wt% Darocur 2959. A blank LC cell was made by gluing two
glass substrates coated with isopropanol-treated polyvinyl
alcohol (PVA) alignment layer as top and bottom substrate,
respectively. Subsequently, the cell was filled with LCE
precursor in the isotropic phase (120 °C) and cooled down to the
nematic phase (95 °C). Finally, the LCE precursor was poly-
merized for 5.0 min by UV light irradiation with an illumination

intensity of 5.0 mW cm ™.

4.3 Fabrication of the LCE composite actuator

First, 5.0 wt% of the graphene sheets were added to PDMS
precursor and mixed by a mechanical blender for 3.0 h. Next,
the curing agent was added to the mixture under stirring, and
then the mixture was spin-coated on the LCE film at a rotation
speed of 2000 rpm, followed by curing at 80 °C for 2.0 h. Finally,
the LCE-based composite actuator was peeled from the
substrate. In a typical case, the length and width of the LCE-
based composite actuator are approximately 20 mm and 6
mm, respectively.

4.4 Fabrication of the pyroelectric-based generator

The photoactuator and Al-coated PVDF film were bonded
together on one end using PVA glue. Meanwhile, the other ends
of the photoactuator and Al-coated PVDF film were fixed by the
tweezers, leaving a gap between them. Hence, reversible peri-
odic contact and separation between the photoactuator and Al-
coated PVDF film occurred upon NIR light irradiation. In
addition, the Al electrode on both sides of the PVDF film was
bridged with a fine wire conductor for connection with the
external circuit. The size of the PVDF film is approximately
28 mm x 10 mm (length and width).
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4.5 Measurements

The mesomorphic properties of the LC monomer mixture and
the LCE-based film were examined by a polarizing optical
microscope (POM, Leica, DM2500P) with a hot stage calibrated
with an accuracy of +0.1 °C (Linkam, THMS-600). The
morphologies of the LCE composite film were observed by SEM
(Hitachi S-4700). The temperature changes in the LCE-based
photoactuator and hybrid generator were measured by
a thermal imaging camera (FLIR E50). The output voltage and
current signals of the hybrid generator were tested by a source
meter (Keithley 2450) and an electrochemical workstation (CHI
660E).
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