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Ionic conductive gel based self-powered sensor has attracted much attention in Internet of Things era, due to its
softness, versatility, electrical conductivity, iontronics and responsiveness. However, its multi-scene application
is limited by few types of these perceptible signals. Herein, a photosensitive Janus ionogel with pseudo-
photoelectric effect based on cascade conversion is reported, with seebeck coeffect of 19.5 mV K~! and ZT
value of 0.63. Significantly, the photosensitive Janus ionogel can generate different temperature gradients on the

different intensity of sunlight, and convert solar energy into electric energy by the “light-thermal-electric”
cascade conversion, demonstrating its great potential in solar energy utilization and light sensing. This inves-
tigation paves a promising and versatile way to construct photosensitive conductive materials for next-
generation solar self-powered devices.

1. Introduction

To usher in the Internet of Things era, sensing materials and tech-
nologies, which are the foundation of the Internet of everything, have
received continuous attention and vigorous development [1-4]. Taking
into account the dependence of traditional sensors on external power
sources during daily operation, self-powered characteristics are ex-
pected to be introduced into the sensor by integrating or coupling energy
generating or harvesting function with the sensing function [5-8].
Benefitting from the advantages in terms of miniaturization, flexibility
of use and long-lasting operation [9-11], a considerable effort has been
devoted to the area of self-powered sensors over the past few years.

Ionic conductive gel is a class of three-dimensional crosslinked “soft
and wet’’ materials containing free ions [12-15], which is widely
applied in adhesives [16,17], energy harvesters and storage devices
[18,19], ionic skin [20,21], touch panel [22,23], bioelectronics [24] and
so on. Especially, their exceptional properties in softness, versatility,
electrical conductivity, iontronics and responsiveness render them as a
promising candidate in the fabrication of the new-generation flexible

sensor and energy harvesters [25-30]. Therefore, ionic conductive gels
become the most potential and competitive self-powered sensing ma-
terials, which pave the way for the development of self-powered sensors
[31]. For example, some self-powered stress sensors that generate
electricity in response to mechanical deformation have been successfully
developed by employing the ionic conductive gels as force-responsive
electrodes, including triboelectric gel sensors [32,33], piezoelectric gel
sensors [34,35] and ionic diode gel sensor [36,37] based on triboelectric
effect, piezoelectric effect and thickness-dependent self-induced poten-
tial effect. In addition to mechanoelectric conversion mechanism, more
self-powered mechanism have also been proposed to meet the diversi-
fied demands of environment sensing, such as thermoelectric [38],
magnetoelectric [39], hydrovoltaicenergy conversion mechanism [40],
which can efficiently harvest various sources of energy (i.e., thermal,
magnetic, chemical energy, etc.) and convert them into electrical en-
ergy. For instance, Zhang’s group have developed a series of thermo-
electric gel based self-powered sensing devices utilizing various polymer
networks and redox pairs, and realizing the real-time monitoring for
ambient temperature, body temperature and even breath [41,42].
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Although ionic conductive gel based self-powered sensors have been
able to realize the perception of various signals, the types of these per-
ceptable signals are still very few, which also limits their multi-scene
applications.

Sunlight-intensity sensing technology is of great significance for the
fields of intelligent lighting, smart agriculture, energy conservation in
building and so on [43,44]. Recently, Some photo-driven self-powered
sensing devices have been developed by ingenious structure [45-47].
Unfortunately, it is still challenging to endow ionic conductive gels with
intrinsic self-powered sunlight-intensity sensing function, because
traditional ionic conductive gels lack the ability to convert solar energy
directly into electricity. Recently, with the assistance of photothermal
electrodes, researchers have fabricated thermoelectric gel devices that
can use solar power to generate electricity [48,49], so that the sunlight
intensity can be sensed to a certain extent. However, this non-integrated
function structure, the separation between photothermal component
and thermoelectric component, will cause excess energy loss in the
conversion and conduction processes, reducing the utilization efficiency
of solar energy and sensing performance. Therefore, it is a challenging
and rewarding to design the “all-in-one” photosensitive gels to achieve
self-powered sunlight-intensity sensing.

Herein, a photosensitive Janus ionogel with pseudo-photoelectric
cascade conversion was developed by utilizing the synergism of photo-
thermal effect and thermoelectric effect. The conductive carbon black
was introduced to the ionogels to construct the Janus ionogels, which
was able to convert solar energy to heat then to electricity. The photo-
sensitive Janus ionogels have excellent thermoelectric properties,
including high Seebeck coefficient of 19.5 mV-K~! and ZT value of 0.63.
The photosensitive Janus ionogels can realize the solar energy har-
vesting and sensing of sunlight intensity which can be applied to
construct a smart electrochromic device by coupling this self-powered
sensor device with an electrochromic device.

2. Experimental section
2.1. Material

1-ethyl-3-methylimidazolium dicyanamide (98 %, EMIM:DCA), so-
dium dicyanamide (96 %, Na:DCA), N,N-Dimethylallylamine (98 %,
DMAA), 2, 2-azobisisobutyronitrile (AIBN), 2,2-Diethoxyacetophenone
(>95 %, DEAP), polypyrrole (PPy), graphene oxide (GO) were pur-
chased from Aladdin Industrial Co., N,N’-Methylenebisacrylamide (90
%, MBAA) was purchased from Macklin. Conductive carbon black
(super-P) was purchased from Alfa Aesar. Carbon nanotubes (CNTs) and
carboxyl-modified carbon nanotubes (CNTs-COOH ) were purchased
from Chengdu Organic Chemicals Co. Ltd. Cuttlefish juice was pur-
chased from Qingdao Risheng Chang Food Ingredients Co. Ltd. ITO
electrodes were purchased from Luoyang Shangzhuo Technology Co.
Ltd. All materials were used without further purification.

2.2. Synthesis of photosensitive Janus ionogels

Typically, the photosensitive Janus ionogel was prepared by the
following method: Firstly, 1012.5 mg EMIM:DCA, 16.2 mg Na:DCA,
337.5 mg DMAA and 3.4 mg MBAA were mixed to form original solu-
tion. Secondly, pre-polymerization solution A was configured by adding
1.1 mg conductive carbon black and 0.5 mg thermal initiator AIBN into
the above solution, then a thermoelectric ionogel layer with photo-
thermal function was obtained through thermal polymerization at 90 °C
for 30 min. Other photothermal gels are prepared with the same mass of
photothermal material as that of conductive carbon black. Thirdly, a
pre-polymerization solution B containing 2.8 mg photoinitiator DEAP
was configured through the similar method, but replacing conductive
carbon black and AIBN with DEAP. Finally, the pre-polymerization so-
lution B was injected into the reaction mold assembled from quartz glass
and thermoelectric ionogel, and the photosensitive Janus ionogel
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containing photothermal ionogel layer and thermoelectric ionogel layer
was successfully prepared through placing the reaction mold under ul-
traviolet radiation (20 W, 365 nm), namely, the in-situ polymerization
of photothermal gel on a thermoelectric gel layer.

2.3. Measurement of Seebeck coefficient

The Seebeck coefficients are measured using a system developed in-
house, at the room temperature of 30 °C. Electrochemical station
(CHI660E, CH Instruments Ins.) and temperature control module (TCM-
M207, Chengdu Yexian Technology Co., LTD) were employed to mea-
sure the voltage and temperature, respectively.

2.4. COMSOL simulation

The light-thermal conversion and heat conduction were simulated by
COMSOL Multiphysics software. The photosensitive Janus ionogels (15
x 15 x 6 mm) model includes 1 mm photothermal ionogel and 5 mm
thermoelectric ionogel. The basic physical properties of the photosen-
sitive Janus ionogel were determined according to the results of previ-
ous experiments. The initial temperature was 30 °C, the solar intensity
was 1000 W m 2, and the angle of incidence was 90°.

2.5. Analysis of light-thermal-electrical conversion

The light-thermal-electrical cascade conversion performance was
studied by monitoring the thermal voltages of photosensitive Janus
ionogel based device exposuring to simulated sunlight (Princesse PL-
X300DF), using electrochemical station CHI660E. Two ITO electrodes
were used as electrodes and the wires were fixed to the ITO electrodes
with conductive silver paste. Infrared images were taken using an optris
PI400. The temperature difference between the same vertical surfaces at
the outer surface of the photosensitive Janus ionogel was chosen as the
temperature difference between the two sides of the photosensitive
Janus ionogel.

The energy density (E) harvested during the stage II can be calculated

2 /Rd
with regard to this equation, E:f UV/ K t, where U, R and V are the voltage

on the external load, the external resistance and the volumes of the
device, respectively.

2.6. Characterizations

The thermal conductivity was measured using Hotdisk TPS 3500.

The ionic conductivity was measured by AC impedance spectra using
electrochemical station CHI660E, in the frequency range of 0.1 Hz to
100 kHz. The intersection of the curve at the real part was taken as the
bulk resistance of the ionogel (R), and the ionic conductivity of the
sample was calculated according to the following equation:

d
?7Rs

where d is the thickness of the thermoelectric ionogel and S is the
electrode area. Thermoelectric ionogel sample (20 mm x 20 mm x 4
mm) was sandwiched between two stainless steel electrodes (40 mm x
20 mm).

Thermogravimetric analysis was used to measure the thermal
decomposition temperature of the ionogels, the heating interval was
20 °C ~ 500 °C, and the heating rate was 5 °C/min.

The morphology structure was characterized using SEM technique
(Hitachi S4800).

The absorption of the ionogels was measured using Lambda 950
UV-vis-NIR spectrophotometer in the range of 250 ~ 2500 nm.

The peeling strength was measured using a universal tensile machine

(Zwick Z1.0) with tensile speed of 50 mm-min .
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3. Results and discussion
3.1. Design and construction of the photosensitive Janus ionogel

As shown in Fig. 1a, the photosensitive Janus ionogel is comprised of
a photothermal ionogel layer and thermoelectric ionogel layer. Owing to
photothermal effect, the upper photothermal ionogel layer containing of
conductive carbon black can effectively convert light energy into heat
energy (Fig. 1b), which is then converted into electric energy by the
generated temperature gradient and thermoelectric effect of the un-
derlying ionogel layer (Fig. 1c). Based on this, a self-powered sunlight-
intensity sensing device is fabricated by this photosensitive Janus ion-
ogel and indium tin oxid (ITO) electrodes (Fig. 1d). Thanks to the high
light transmittance of the ITO electrode, the sunlight can penetrate the
ITO electrode and radiate on the photosensitive ionogel, so as to finally
achieve the light intensity-dependent electric signal through “light-
thermal-electric” cascade conversion. This ionotronic based on photo-
sensitive Janus ionogel can not only apply to harvest solar energy acting
as solar cell, but also play as an intelligent switch for electrochromic
glazing using the self-powered sensing capacity, which is conducive to
smarter and more efficient building energy conservation (Fig. 1e). The
photosensitive Janus ionogel shows broad prospects in the field of solar
energy harvesting and sensing.

The photosensitive Janus ionogel consists of photothermal ionogel
layer and thermoelectric ionogel layer, which are prepared by the
following steps. Firstly, a certain amount of monomer N,N-
Dimethylallylamine (DMAA), crosslinking agent N,N’-Methyl-
enebisacrylamide (MBAA) and doped sodium salt sodium dicyanamide
(Na:DCA) were dissolved in the ionic liquid 1-ethyl-3-methylimidazo-
lium dicyanamide (EMIM:DCA) under stirring, and a transparent and
homogeneous original solution was prepared (Fig. 2a). In order to
obtain a photothermal ionogel with photothermal conversion perfor-
mance, conductive carbon black and 2, 2-azobisisobutyronitrile (AIBN)
were introduced into the above original solution as photothermal
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dopants and thermal initiator, forming pre-polymerization solution A.
After thermal initiation at 90 °C for 30 min, a photothermal ionogel film
was polymerized (Fig. 2b). Afterwards, a pre-polymerization solution B
was configurated through adding photoinitiator 2,2-Diethoxyacetophe-
none (DEAP) into original solution, and the photothermal ionogel film
was prepared by in-situ photo-polymerization on the upper surface of
photothermal ionogel film (Fig. 2¢). Based on the network interpene-
tration during in-situ polymerization, a photosensitive Janus ionogel
with strong interfacial binding was successfully obtained by the above
two step polymerization method (Fig. 2d).

To study the interface properties between the two ionogel layers, the
interfacial structure of photosensitive Janus ionogel was observed by a
polarizing microscopy. As shown in Fig. S1, the two ionogel films were
bonded tightly, and there was no obvious interfacial gap at the interface
of two ionogel layers. Besides, scanning electron microscopy (SEM) was
used to observe the microstructure of ionogel interface. As shown in
Fig. 2e, the SEM image clearly shows the microstructure of the cross
section. Due to the small size (~40 nm) of conductive carbon black
particles, they can be uniformly filled into the porous structure of pho-
tothermal ionogel (Fig. S2), leading to obvious differences in the
microstructure of photothermal ionogel film and thermoelectric ionogel
film. Consistent with the results of optical observation, there is no
apparent gap in the interfacial microstructure between the upper and
lower ionogel layers, which proves the conformal contact between the
two ionogels again. This “all-in-one” structure is mainly attributed to the
in-situ polymerization of thermoelectric ionogel. In the in-situ poly-
merization process, the monomers within pre-polymerization solution B
will diffuse into the network structure of the photothermal ionogel
driven by the concentration gradient, thus forming a network inter-
penetrating structure at the interface after polymerization. As a result,
there is a strong binding force between the photothermal ionogel layer
and thermoelectric ionogel layer, which was verified by the interfacial
peeling test of the photosensitive Janus ionogel. As depicted in Fig. 2f,
the interfacial peeling strength between the two ionogels reached about
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Fig. 1. Structure and application of the photosensitive Janus ionogel based self-powered sensing device. (a) Structure of photosensitive Janus ionogel. (b) Photo-
thermal conversion process of upper photothermal ionogel layer; (c) Thermoelectric conversion process of underlying ionogel layer. (d) Structure of self-powered
solar-intensity sensing device. (e) Application in automatic color adjustment of the smart windows by playing as sunlight-sensing voltage switch.
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Fig. 2. Fabrication and characterization of photosensitive Janus ionogel. (a) Original solution. (b) Photothermal ionogel. (c¢) In-situ photo-polymerization of
thermoelectric ionogel. (d) Photosensitive Janus ionogel. (¢) SEM image of the cross section of photosensitive Janus ionogel. (f) Interfacial peeling test of photo-
sensitive Janus ionogel. (g) UV-vis-NIR absorption spectra of photothermal ionogel and thermoelectric ionogel.

100 N-m~!, confirming the thermoelectric ionogel film was firmly
bonded with photothermal ionogel film.

Considering the high operating temperature of the photosensitive
Janus ionogel resulted from high-temperature environment or photo-
thermal effect, the thermal stability of the ionogels was characterized by
thermogravimetric analysis (TGA). As shown in Fig. S3, both photo-
thermal ionogel and thermoelectric ionogel were found to be thermally
stable in the temperature range of 25 °C to 250 °C.

UV-vis-NIR absorption spectra were used to investigate the optical
properties of the photosensitive Janus ionogel. As shown in Fig. 2g,
compared to the low solar light absorption (~5%) of the thermoelectric
ionogel without conductive carbon black, the photothermal ionogel
loaded with a large amount of conductive carbon black exhibited a high
solar absorption in the whole range of light wavelength (250 ~ 2500
nm), even exceeded 95 % in the wavelength range of 300 ~ 2400 nm,
thereby suggesting that the doping of conductive carbon black has
significantly improved the solar light absorption ability. This high ab-
sorption capacity for sunlight provides the energy base for the genera-
tion of thermal energy through photothermal conversion.

3.2. Photothermal and thermoelectric properties of photosensitive Janus
ionogel

Good photothermal properties were a prerequisite for achieving the
“light-thermal-electric” cascade conversion of photosensitive Janus
ionogel. As shown in Fig. S4, the photothermal ionogel with conductive
carbon black exhibited excellent photothermal conversion performance
due to the good dispersion, compatibility and photothermal ability. Of
course, in addition to conductive carbon black, other photothermal
materials (such as carbon nanotubes, CNTs; carboxyl-modified carbon
nanotubes, CNTs-COOH; cuttlefish juice; polypyrrole, PPy; graphene
oxide, GO) can also endow ionogel with photothermal properties.

A higher light-induced heating rate and equilibrium temperature
under solar radiation are conducive to form a larger temperature dif-
ference and temperature gradient at both ends of the photosensitive
Janus ionogel. Therefore, the conductive carbon black content in the
photothermal ionogel and the thickness of ionogel were further opti-
mized. The photothermal properties of the ionogels with different
loadings of conductive carbon black are shown in Fig. 3a, where higher
heating rates and equilibrium temperatures were obtained at a higher
content of conductive carbon black when the content is below 5
mg-mL L. However, the further increase of content has no obvious effect
on the change of light-induced temperature, and thus the content of
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Fig. 3. Photothermal and thermoelectric properties of photosensitive Janus ionogel. (a) Photothermal properties of photothermal ionogels with different conductive
carbon black content. (b) Structure of ionic Seebeck coefficient test configuration. (c) Seebeck coefficients of thermoelectric ionogel obtained from the V-AT rela-
tionship curve. (d) Ionic Seebeck coefficients and conductivity of thermoelectric ionogels with various Na:DCA doping level. (e) ZT value of thermoelectric ionogels
with various Na:DCA doping level. (f) Comparison of thermoelectric properties of three ionogels, including thermoelectric ionogel without Na:DCA, ionogel with
conductive carbon black (i.e. photothermal ionogel), and thermoelectric ionogel with 2.0 mol% Na:DCA.

conductive carbon black is determined to be 5 mg-mL™~!. The relation-
ship between the thickness of photothermal ionogel and the photo-
thermal properties of ionogel were shown in Fig. S5. Thinner
photothermal ionogels had a better heating rate, but cannot produced
higher temperatures due to their smaller size and limited ability to
absorb sunlight. Photothermal ionogels that are too thick can only
absorb a limited amount of energy and produce a limited temperature. A
highest equilibrium temperature of 67.2 °C and a faster heating rate
were achieved when the thickness reached 1 mm.

Ionic Seebeck coefficient (S;) is one of the key parameters that
determine the energy conversion efficiency of ionic thermoelectric
materials, according to the definition of the thermal power Figure of
merit (ZT). As illustrated in Fig. 3b, the ionic Seebeck coefficients were
measured using the homemade configuration along in-plane direction,
and the temperature difference (AT) and voltage difference (AV) be-
tween the two terminals (hot terminal and cold terminal) of the ionogels
were recorded. The effect of monomer content on S; of ionogel was
studied firstly. The ionic Seebeck coefficient of the pristine DMAA ion-
ogel without sodium salt Na: DCA increased with the increasing content
of DMAA until 75 wt%, which was due to the increasing interaction
between DMAA and EMIM:DCA enhancing the difference in the mobil-
ities of anions and cations. However, increasing blocking effect of denser
polymer network on ionic migration, which limited the further
increasing of the ionic Seebeck coefficient. As shown in Fig. S6, a
maximum S; value was 2.44 mV-K~! at 75 wt% EMIM:DCA. The ionic
conductivities, another important parameter of thermoelectric perfor-
mance, of the ionogels were measured by the AC impedance spectros-
copy. As shown in Fig. S7, the ionic conductivity of pristine DMAA
ionogels without Na:DCA decreased with decreasing IL content due to
the increasing blocking effect of denser polymer network on ionic
migration.

According to the research achievement reported previously [50], the
addition of another anions or cations to ionogels may be influence the
interaction of the origin anions and cations, which is able to improve the
thermoelectric performance of ionogels by increasing the difference in

the mobilities of anions and cations. Based on this proposed theory,
cationic dopant Na:DCA was introduced into the ionogels expecting to
improve the thermoelectric properties of the ionogels. Considering that
the ionogel possesses the highest S; value when the EMIM:DCA content is
75 wt%, the following cationic doping tests were performed on ionogels
with an EMIM:DCA content of 75 wt%. The ionic Seebeck coefficient and
ionic conductivity of Na:DCA-doping ionogels are shown in Fig. 3d. The
addition of Na:DCA dramatically changed the ionic thermoelectric
properties of ionogels due to the interactions between the doped Na™
and DCA™, and the S; value reached a maximum value of 19.5 mV-K ! at
a Na:DCA doping content of 2.0 mol%. It is worth noting that the ionic
conductivity of the ionogel is negatively correlated with the amount of
doping Na:DCA. As the doping amount of Na:DCA gradually increased to
3.0 mol%, the ionic conductivity monotonically decreases from 17.7
mS-cm ™! to 13 mS-cm ™. This result is due to the fact that the doping of
Na™ ions will increase the viscosity of EMIM:DCA and reduce the ion
migration rate. Besides, the doping of Na:DCA had no significant effect
on the thermal conductivity, another key property affecting thermo-
electric performance, of the ionogel (Fig. S8). The thermal power index
ZT that reflecting the energy conversion efficiency also affected by the
doping content of Na:DCA. As shown in Fig. 3e, the ZT value reaches a
maximum of 0.63 at the optimum Na:DCA doping level of 2.0 mol%.
However, because both ionic Seebeck coefficient and ionic conductivity
decreased with increasing Na:DCA doping at high Na* doping level, the
ZT value also decreased with further increasing Na:DCA doping. As
shown in Table S1, compared to other thermoelectric ionogels, the
thermoelectric properties of this photosensitive Janus ionogel had good
thermoelectric property.

As an important part of photosensitive Janus ionogel, the thermal
power of photothermal ionogel layer will affect the overall thermo-
electric conversion ability of the Janus ionogel. Therefore, the thermo-
electric properties of the photothermal ionogel layer doped with
conductive carbon black was also investigated. As shown in Fig. 3f, the
thermoelectric properties of three kinds of ionogels, including pristine
thermoelectric ionogel without Na:DCA, photothermal ionogel, and
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thermoelectric ionogel with Na:DCA, were compared comprehensively.
Obviously, the introduction of Na:DCA greatly improved the thermo-
electric properties of ionogels, but the introduction of conductive carbon
black imparted photothermal properties to the ionogel without signifi-
cantly reducing its thermoelectric properties.

3.3. Pseudo-photoelectric performance of photosensitive Janus ionogel
based capacitor

Inspired by the good photothermal performance and thermoelectric
performance of the photosensitive Janus ionogel, a self-powered sensing
capacitor with solar energy harvesting capacity were fabricated by
assembling photosensitive Janus ionogel and ITO electrodes as current
collectors. The self-powered sensing capacitor can generate voltage
through a cascade mechanism of “light-thermal-electric” conversion. As
a verification, a photothermal catalytic device (Precise PL-X300DF) was
used to simulate sunlight, and the voltage changes of the device were
recorded using a CHI660E electrochemical workstation. As shown in
Fig. 4a and Fig. S9, when simulated solar illumination was applied to the
photothermal ionogel layer of the self-powered device, a decreasing
temperature gradient from top to bottom occurred within the photo-
sensitive Janus ionogel due to the photothermal effect and heat
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conduction, which was also consistent with the simulation results
(Fig. 4b). Meanwhile, this temperature gradient lead to the differential
migration of cations and anions from the illuminated side (hot terminal)
to the non-illuminated side (cold terminal). As a result, an asymmetric
ion concentration aggregation and distribution appeared on two sides of
photosensitive Janus ionogel, thereby generating an obvious voltage on
two electrodes due to the induction of charges by ions (Stage I). In stage
II, the device was connected to an external load. To balance the anions
and cations on the two electrodes, a current was generated in the closed
circuit and the voltage across the external load was reduced. In stage III,
the light source was turned off and the circuit was disconnected, and the
voltage between the two electrodes dropped to a negative value due to
the generation of holes and electrons on each side of the electrodes as a
result of the current generation in stage II. In the stage IV, the circuit was
re-connected, and the electrons and holes accumulated in both elec-
trodes returned to the initial conductive state, generating a current
opposite to that of the second stage, and the voltage between the two
electrodes gradually decreased to zero. This excellent photoresponsive
thermoelectric performance not only enables the ionogel capacitor with
thermal energy harvesting capability, just like traditional thermoelectric
materials, but also gives the additional solar energy harvesting capa-
bility and self-powered light sensing function.
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Fig. 4. “Light-thermal-electric” cascade conversion performance of photosensitive Janus ionogel based capacitor. (a) Schematic illustration of the work principles of
photosensitive Janus ionogel based capacitor in four stages. (b) Temperature distribution for the photosensitive Janus ionogel from COMSOL simulation. (c) Output
voltage decay curves on an external load with different resistances during stage II. (d) The total energy density during stages II on the different resistance of the
external load. (e) Output voltage of photosensitive Janus ionogel based capacitor formed by different number in series. (f) Thermalvoltage of photosensitive Janus
ionogel under different sunlight intensities. (g) Cyclic sensing performance of photosensitive Janus ionogel based self-powered sensor under sunlight intensity of

1000 W-m 2.
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As a solar energy harvesting device, energy density, which can be
deduced from the discharge curve at stage II, is an important index to
evaluate its performance. As shown in Fig. 4c, due to the intrinsic
capacitive feature, the ionic thermovoltage of ionic device decays and
then reaches a relatively low output voltage during stage II, Interest-
ingly, the ionic thermovoltage becomes lower for higher external re-
sistances due to the increase in the decay time constant, which is defined
as 7 = R-C, where R and C are the external resistance and capacitance,
respectively. The energy harvested in a light-thermal-electric cycle is
related to the external load. The volume energy density of the device

2 /Rd
fUV/R ! The

average power density of the device was calculated in terms of the
equation, P=E, where E and t were the volume energy density of the

during stage II was calculated according to the equation E=

device during stage II and the time of the device discharge, respectively.
As shown in Fig. 4d, the volume maximum energy density reached 2.6
J-m~ at an external load of 1500 @, and the power density was 2.8
W-m~3, suggesting the good solar energy harvesting capability.
Although its energy density is lower than traditional solar cells due to
the multi-stage energy conversion and loss, the ionic device based on a
brand-new solar energy harvesting mechanism of “light-thermal-elec-
tric” cascade conversion also provides a new candidate in the field of
solar energy harvesting.

In order to adapt to the different voltages required in different en-
vironments, it is important for photosensitive Janus ionogel based
capacitor to be able to be connected in series. As shown in Fig. S10,
several capacitors were connected in series and their output voltages
were measured under a simulated solar intensity of 1000 W-m™2. As
shown in Fig. 4e, the total voltage was almost linearly related to the
number of series connections. Note here that due to the limited irradi-
ation area of the simulated sunlight used in the test and the light-
intensity attenuation at the edge, the relationship between the total
voltage and the number of series connections gradually deviated from a
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straight line. This quantity-dependent thermovoltage provides the pos-
sibility for powering the electrical devices that need high operating
voltage.

Since the thermovoltage of photosensitive Janus ionogel based
capacitor is proportional to the temperature difference between the two
terminals, and the temperature difference is related to the intensity of
sunlight, there is also a corresponding relationship between the ther-
movoltage and the intensity of sunlight, that is, the self-powered light
intensity perception. In order to verify the potential application of the
device for light intensity sensing, the thermovoltage of the device under
different light intensities were tested (Fig. S11). As shown in Fig. 4f, the
prepared devices were able to generate different voltages for different
sunlight intensities, confirming their potential application in sunlight
intensity sensing as sensor. Excellent cycling performance is an impor-
tant indicator for evaluating self-powered sensing devices. The cycling
performance of the device was studied under a simulated sunlight in-
tensity of 1000 W-m 2. As shown in Fig. 4g, the voltage generated by the
device was maintained at about 165 mV for 10 time cycles, proving its
good cycling performance and feasibility for long-term operation.

3.4. Application of self-powered sunlight sensor

Using the synergism of photothermal effect and thermoelectric ef-
fects, the self-powered sensor based on photosensitive Janus ionogel can
generate voltage under sun. Fig. 5a showed the variation of sunlight
intensity and voltage of the self-powered device under cloudy weather.
Changes in the sunlight intensity falling on the self-powered sensor
device were the main cause of the detected voltage changes. The voltage
of self-powered sensor increased when there is no cloud and decreased
when the sun is obscured by clouds synchronously. The good consis-
tency of voltage change and sunlight intensity change confirms the
sensitivity of the self-powered sensor to sunlight intensity. Fig. 5b
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Fig. 5. Application of photosensitive Janus ionogel based self-powered sunlight sensor. (a) Infrared images of the top and side views of the device on sunny and
cloudy days. (b) Variation of sunlight intensity and voltage of the self-powered device under cloudy weather. (c¢) Components of the self-powered sensor. (d)

Application of self-powered sensor coupled with electrochromic device.
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showed the infrared images of the top and side of the device on sunny
and cloudy days. Under different light intensities, the ionogel exhibited
a vertical temperature distribution with different temperature differ-
ences, which in turn generate different voltages.

To demonstrate the practicability of self-powered sensor for sunlight
intensity detection, we constructed a smart electrochromic device by
coupling this self-powered sensor with an electrochromic device
(Fig. 5¢). Through setting a suitable threshold voltage that matches the
thermovoltage at high sunlight intensity, the self-powered sunlight
sensor can be used as an intelligent voltage switch to control the elec-
trochromic behavior of smart Window, so as to realize the automatic
color adjustment of the smart windows adapted to the sunlight intensity.
As shown in Fig. 5d, when the sunlight intensity is high on a sunny day,
the self-powered sensor outputted a high thermovoltage that is higher
than threshold value, and the smart electrochromic glass showed a dark
color. On the contrary, the thermovoltage correspondingly quickly
dropped below the threshold when the sunlight intensity decreased,
thereby controlling the color of electrochromic glass from dark to light,
allowing more sunlight to enter the room through the glass window.
This scene fully demonstrates the potential of the photosensitive Janus
ionogel based sensor in the field of sunlight sensing and energy con-
servation in building. In fact, if the energy density of the device can be
further improved in the later research, such as introducing the ther-
mogalvanic effect based on redox couple, the photosensitive Janus
ionogel based device is expected to provide energy supply for the smart
window on the basis of self-powered sensing, so that the smart window
can get rid of the dependence on external power.

4. Conclusion

In this study, a photosensitive Janus ionogel containing photo-
thermal layer and thermoelectric layer was proposed by in-situ poly-
merization of thermoelectric ionogel on the photothermal ionogel film.
The photosensitive Janus ionogel not only possesses excellent thermo-
electric performance, including high Seebeck coefficient of 19.5 mV-k
and ZT value of 0.63, but also can spontaneously form a temperature
gradient under sunlight due to the prominent photothermal effect of the
upper layer, i.e., pseudo-photoelectric effect. Utilizing the synergism of
photothermal effect and thermoelectric effect, the photosensitive Janus
ionogel can convert solar energy into electric energy by the “light-
thermal-electric” cascade conversion, and the capacitor based on this
photosensitive Janus ionogel exhibits a maximum volume energy den-
sity of 2.6 J-m~3 through harvesting solar energy. Furthermore, the
sunlight-dependent thermovoltage endows the photosensitive Janus
ionogel based device with self-powered sensing ability to sunlight in-
tensity. As a validation, the self-powered sensor successfully realizes the
sensitive perception for sunlight intensity and the intelligent control for
electrochromic window. This photosensitive Janus ionogel provides a
new material candidate for solar energy utilization and light sensing. In
the future, the self-powered capability and sensing performance of this
photosensitive Janus ionogel is expected to be further improved by
thermoelectric performance optimization, and it is supposed to be
applied in the field of flexible optoelectronics, such as photoelectric fire
detector and human-like visual perception.
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