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Luminescent solar concentrators are translucent photovoltaic modules

potentially used for building window. To store the energy generated by them,
a separate energy storage module and voltage regulator module are required,
but it is clear that this pairing is unwieldy for application. To address this
problem, we propose a “face-to-face” tandem integration of luminescent solar
concentrators and electrochromic supercapacitors. In this case, the separated
energy storage module and voltage regulator module are not required, since
the electric energy produced by concentrators under sunlight can be directly
stored by the supercapacitors with matched voltage window. The charged
energy storage module can be used to supply low-power devices. Moreover,
electrochromic supercapacitors exhibit adjustable average visible transmis-
sion under different energy storage state, making the integrated device
interesting for self-powered electrochromic smart windows or display devices.
As an example, a self-powered information instruction display is prepared, and
text messages could be clearly and rapidly displayed in a controllable manner.
The integrated device capable of photovoltaic conversion, energy storage, and

electrochromism is a promising alternative for smart windows.

With the development of photovoltaics (PV) technologies, coping with
the huge building energy consumption (30-40% of global energy
consumption reported by International Energy Agency, IEA) doesn’t
seem to be a difficult task anymore' . In order to realize zero emissions
for buildings, besides laying opaque solar panels on the roof, photo-
voltaic conversion using the glass curtain wall on the side of the
building has become a current research hotspot*®. As one type of
translucent photovoltaic glass, luminescent solar concentrators (LSCs)
are composed of luminophore-embedded transparent matrix with
edge-coupled PV cells*'°. Photons incident on the front sides of LSCs
are absorbed and re-emitted by the luminophores, and then converged

to the edge-coupled PV cells through the waveguide, thus realizing
photovoltaic conversion" ™, Compared to solar cells, LSCs have an
outstanding advantage, namely immune to the loss of power genera-
tion efficiency induced by the shadow effect, because of the nature of
converting the luminescence of the luminophores rather than sunlight
into electric energy by the edge PV cells. It is believed that LSCs are
potential candidate for translucent glass curtain walls at the sides of
buildings, especially in the case of urban buildings with the serious
shadow effect™™. In this sense, translucent LSCs on the sides of
buildings can be complemented with opaque solar cells on the roof,
helpful for achieving the aim of zero emissions in buildings.
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Since the output energy by LSCs is instant and unstable in dif-
ferent light environments, LSCs are usually required to connect with
cumbersome solar energy management systems with both energy
storage modules and voltage regulator module'® ., For example, the
solar energy management system was used for either LSCs-based self-
powered temperature alarm devices or LSCs-based speed measure-
ment devices?*%. However, such solar energy management systems
appear redundant and cumbersome for these reported devices. As for
the application of photovoltaic glass, the connected solar energy
management system may cause a series of problems, such as blocking
the opening of sliding window, increasing the required space for
installation, and not in line with architectural aesthetics”*. In this
sense, it is highly desired to develop an integrated device between
LSCs and translucent energy storage devices that is suitable for
building windows. Up to now, it is still a research blank to assemble
such an integrated device.

Electrochromic smart windows with reversible optical change for
controlling indoor lighting by regulating the transmittance of sunlight
have attracted great attentions® %, It is worth noting that previously
reported electrochromic devices typically require an external power
supply to drive the color-changing reaction, reducing the indepen-
dence and flexibility of use as a smart window and resulting in addi-
tional energy consumption?’~*', To address this issue, different types of
self-powered electrochromic smart windows have been proposed. One
example is a self-powered smart window based on redox reactions.
The redox reaction of a strongly reducing electrode with oxygen in the
air produces a large electrode potential difference, which is used to
drive the self-charging color change process of the device***. How-
ever, the slow self-charging rate (the potential reaches 1.435V in
10 min) and poor cycle life of such devices limit their use as archi-
tectural windows**. Another example is the integration of translucent
solar cells with electrochromic devices to prepare self-powered elec-
trochromic systems®?°, Besides the complex assembly process and
high cost of translucent solar cells, the trade-off between the high
average visible transmission (AVT) demand for windows and the high
photoelectric conversion efficiency (PCE) requirement for solar cells is
also a challenge. In particular, the translucent solar cells prepared by
halide perovskites suffer from halogen segregation under the built-in
electric field, resulting in a weak stability of device* . In contrast, the
all-optical operation mechanism (including sunlight absorption,
fluorescence emission, and optical waveguide) of LSCs avoids the
problem of halogen segregation and thus can substantially improve
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the stability of devices. From this point, translucent LSCs potentially
act as a stable candidate for architectural photovoltaics for self-
powering electrochromic devices. Nevertheless, such self-powered
electrochromic smart windows based on LSCs have not been repor-
ted yet.

In this work, we reported an integrated device of LSCs and elec-
trochromic supercapacitors (ECSs) in a manner of “face-to-face” tan-
dem. Due to the integration of ECSs, the cumbersome energy storage
module can be avoided. Moreover, the ECSs with a stable voltage
window of 0-1.4V can match the output voltage of the used LSCs
(0-2.07 V), making it possible to avoid the voltage regulator module.
As a result, solar management system is not required for LSCs-ECSs
integrated devices. After being charged by LSCs, the ECSs can act as an
energy storage module to supply low-power devices such as timers. In
addition, the LSCs-ECSs integrated device also shows reversible elec-
trochromic behavior with changed AVT between 10.2% and 36.8%
during the charging/discharging cycle of ECSs. Due to the unique tri-
functions of photovoltaic conversion, energy storage, and electro-
chromism, the LSCs-ECSs integrated device can be used to build smart
windows and information instruction displays. Compared to the
combining devices between the separated solar cells and the separated
ECSs, the currently reported LSCs-ECSs integrated devices inherit all
the advantages of LSCs, making it possible to assemble integrated
devices in a “face-to-face” manner.

Results and discussion

The “face to face” tandem LSCs-ECSs integrated device in Fig. 1
consists of two components: (1) quasi-solid state ECSs con-
structed by polyaniline (PANI) film electrode as the anodic elec-
trochromic material and WO; film as the cathodic electrochromic
material for both energy storage and electrochromism and (2)
LSCs consisted of the red-emitting CsPbls/PMMA composite with
edge-coupled silicon solar cells for energy harvesting. In the fol-
lowing text, the performance of ECSs, LSCs, and LSCs-ECSs inte-
grated devices is discussed in detail.

Quasi-solid state ECSs for energy storage and electrochromism
To assemble quasi-solid state ECSs, PANI and WO; electrodes were
prepared on ITO by electrochemical deposition as confirmed by
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS) results in Supple-
mentary Fig. 1'°*2, After sandwiching the electrolyte of polyvinyl
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Fig. 1| The diagram for the structure and modulation mechanism of the LSCs-ECSs integrated device. Under solar irradiation, the electrical energy generated by the
LSCs will be stored in the ECSs, while causing a decrease in the transmittance of the ECSs to block light incidence.
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alcohol (PVA)-sulfuric acid (H,SO4), a 5 x5 cm? ECS was assembled as
illustrated in Supplementary Fig,. 2.

To optimize the performance of PANI electrodes, PANI films of
different thicknesses were prepared by adjusting the electrodeposi-
tion time. According to the cyclic voltammetry (CV) curve in Supple-
mentary Fig. 3, galvanostatic charge-discharge (GCD) curve in
Supplementary Fig. 4, and electrochemical impedance spectroscopy
(EIS) in Supplementary Fig. 5, the PANI electrode with an electro-
deposition time of 600 s exhibited high specific capacity (13.8 mF cm™
at a current density of 0.1 mA cm™ calculated by Eq. 1 in Supplemen-
tary Information) and excellent electrochemical behavior, thus it was
selected for the next step of the study****. Similarly, we also optimized
the WO; electrode by controlling the deposition time. By comparing
the CV in Supplementary Fig. 6a, GCD in Supplementary Fig. 6b, and
EIS in Supplementary Fig. 7 of WO; electrodes with different electro-
deposition times, WO5-45 with a high specific capacity up to 46.8
mF cm™ at 0.5mA cm™ in Supplementary Fig. 8 was selected as the
counter electrode of PANI-600 due to their almost equal integral areas
of CV curves in Supplementary Fig. 6c. In this case, both electrodes can
store almost the same amount of electric quantity.

The electrochemical performance for a quasi-solid state PANI-
600/WO05-45 ECSs was tested. (1) From the CV curves in Fig. 2a, the
electrochemical performance of the ECSs remains stable under the
large electrochemical window (0-1.4V). Among them, the pair of
redox peaks 1.28 V/1.2 V belongs to WOj;. The left two pairs of distinct
redox peaks were observed at 0.67 V/0.6 V and 0.8 V/0.75 V on the low-
rate scanning curves, corresponding to the reaction process of PANL. It
should be emphasized that the stable voltage window of 0-1.4V for
PANI-600/WO05-45 ECSs can match the output voltage of the PV cell on
the side of LSCs according to Supplementary Table 1. As a result, the
use of voltage regulation modules can be avoided. (2) From the GCD
results in Fig. 2b, the charging and discharging processes exhibit
nonlinearity at different current densities from 0.1mAcm™ to
2mA cm™ due to the fact that the form of energy storage belongs to
Faraday pseudocapacitor storage rather than the double layer

capacitor storage*>*®. The specific area capacitance and mass capaci-
tance (calculated by Eq. 2 in Supplementary Information) of the PANI-
600/WO05-45 ECSs was calculated from the discharge curve as
8.57mFcm™ and 122Fg™ at a current density of 0.1mAcm?
respectively. In Fig. 2c, the specific area capacitance of ECSs shows a
corresponding decrease in the high discharge current, which is related
to the nature of the supercapacitor itself*. Further, the energy density
and power density in Fig. 2c, which are important parameters of PANI-
600/WO03-45 ECSs, were calculated by Eq. 3 and 4 in Supplementary
Information as 23.3mWhm™ and 0.7 mW m™ at a current density of
0.1mA cm™, respectively*®*s, In the inserted image of Fig. 2a, ¢ single
device is enough to light up a timer, indicating the potential applica-
tions of the ECSs in the field of energy supply. (3) From the fitting and
simulation result of EIS in Supplementary Fig. 9, the PANI-600/WO5-45
ECSs clearly exhibited a small charge transfer resistance of -2.5 Q (the
semicircle diameters in the mid-frequency part), facilitating the rapid
redox reaction on electrode***°. In addition, the Warburg impedance
(between mid- and low-frequency part) of the PANI-600/WQ3-45 ECSs
indicates an obvious ions diffusion behavior in WO5-45"%, The straight
lines with larger slope in the low-frequency part describe rapid ion
transport during the electrochemical processes, corresponding to the
high ionic conductivity (up to 285.5mS cm™) of the PVA-H,SO, elec-
trolyte as shown in Supplementary Table 2%,

Beside energy storage, PANI-600/W0O3-45 ECSs exhibit an adjus-
ted AVT (calculated by Eq. 5 in Supplementary Information) during
charging/discharging process, due to the matching electrochromic
behavior of PANI and WOs. In Fig. 2d, the transmission of both PANI
and WO; electrodes decreases/increases during the charging/dis-
charging process of ECSs, resulting in the color change from light
green to dark blue. According to Supplementary Fig. 10 and 11, the
PANI-600 and WO3-45 electrodes deliver a good light modulation
ability in the visible light region and the coloration efficiency of
182.5 cm?C™ and 73.8 cm?C™ at 700 nm, respectively. At the voltage of
0V (namely the state of full-discharging), the PANI-600/WOQ5-45 ECSs
exhibit an AVT of 49% from 400 to 780 nm with a light green color
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Fig. 2 | The performance of PANI-600/WO05-45 ECSs. a CV curves at different scan
rates under 0-1.4 V voltage window. b GCD curves at different current densities.

c Ragone plot and the areal capacitance at different current densities. Inset: Optical
image shows a ECSs was enough to light up a timer. d Transmittance spectraat 0V,

04V,0.8V,12V, and 1.4 V. e Real-time transmittance changes during reversible
switching measured at 550 nm. f Capacitance and electrochromic stability in the
visible region at current density of 1 mA cm™ for 1200 cycles. Source data are
provided as a Source Data file.

Nature Communications | (2025)16:2085


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57369-6

a g0 b C 12
CsPbI,/PMMA bLE AM 1.5G L 100
1.04 ——— Absorbed Solar
80 | )
= > WM —— Absorption
S ~ ® 0.8 | M‘r n,,=11.6% [75 —~
[0 3 9 i 1 é
g g < 5
& = o 06 5
£ S 5] 50
£ c N e
o o
2 2 T 0.4 @
I £ £ o
AU B N Y I 2 N | I IR Baseline of PLE 5 <
= g |25
----- Baseline of PL 024
T T T T T T T 0.0 T T T T T T 0
500 600 350 400 450 500 550 600 650 700 750 300 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm) Wavelength (nm)
d € 04 f
—— Total ~0—0—.—0—0—0~0~o~.~._._.\.\. 1.0 .
—— Face & \'\ Detector Excitation
c 034 ° > 0.8
- —Edge 5 = v <— — | SC
S < 2
s Erace/Eroai=27-6% £ £ Optical path
> < ool € 06 ptical pa
g Ecuge/Erou=72-4% 2 ® E
£ 5 v, I, FF J, PCE o 04l
< o° -2 =z
3 = (V) (mA) (%) (mAcm®) (%) s e Raw
T S 0.1 ]
g 0.55 9 704  0.36 0.56 . o224 —— Fitting °
° \
0.0 T T 0.0 T T T T

T T T
600 650 700 750 0.0 0.1 072

Wavelength (nm)

Fig. 3 | The performance of LSCs. a Transmittance of CsPbl;/PMMA composite
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ambient light. b Photoluminescence (PL) and photoluminescence excitation (PLE)
spectra of the CsPbl;/PMMA composite films. The baseline was measured by using a
transparent glass. ¢ Absorption curves of CsPbls/PMMA composite films, and the
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of the PV cell coupled with the edges of LSCs under the 1 sun condition. V., Is., FF,
and /s are the open-circuit voltage, the short-circuit current, the fill factor, and the
short-circuit current density, respectively. f PL intensity of CsPbls/PMMA LSCs with
different optical paths. Inset: schematic of PL intensity measurement with different
optical paths. Source data are provided as a Source Data file.

induced by the PANI electrode in the reduced state. As the voltage
rises, the transparent WOj; electrode and the PANI electrode undergo a
synergistic redox reaction, and the color of the device gradually dee-
pens. At the voltage of 1.4 V, the dark blue PANI-600/WO5-45 ECSs have
an AVT of only 14%. In Fig. 2e, the real-time transmittance curve mea-
sured at 550 nm reveals that PANI-600/WQ3-45 ECSs deliver a faster
coloration time and bleaching time of 0.9s and 2s, respectively. It
shows the rapid response rate of ECSs. Moreover, the PANI-600/WO5-
45 ECSs also show a certain light modulation ability in short-wave
infrared (SWIR) regions (780-1100 nm), reaching an integrated optical
transmittance of 41% and 16% at OV and 1.4V, respectively.

From the long cycle test result in Fig. 2f and Supplementary
Fig. 12, the PANI-600/W0O3-45 device exhibits capacitance retention of
82% after 1200 cycles of charging and discharging at a current density
of 1ImAcm™. In particular, the specific capacitance of the ECSs
increases after 200-300 cycles, due to the in-situ activation of the
electrodes caused by diffusion of electrolyte’**. In terms of electro-
chromic stability in Fig. 2f and Supplementary Fig. 13, the optical
modulation range, which is defined as the difference for the average
transmittance in the visible region between 1.4 V charging stateand 0 V
discharging state, shows an overall decreasing trend from 34.1% before
cycling to 22% after 1200 charge/discharge cycles, together with pro-
longed response time in Supplementary Fig. 14. Moreover, the trans-
mittance spectrum of ECSs appears a new peak around 700 nm after
800 cycles, which leads to increased trend of optical modulation range
during 800 cycles and 1000 cycles. Such new peak is probably caused
by the detachment of the electrode material according to the scanning
electron microscope (SEM) and XPS results in Supplementary Fig. 15,
which is commonly reported due to the volume expansion and con-
traction of the electrode film®.

It should be emphasized that the injected/ejected charge balance
between the two electrodes is crucial for the performance of ECSs. In
validation experiments, we purposely prepared WO; electrodes with a
lower specific capacitance of 9.7 mF cm™ via spin-coating technique

(marked as WO5-S) in Supplementary Fig. 16. Such electrode prepared
by spin-coating technique is difficult to match with PANI-600 for
maintaining the injected/ejected charge balance during the redox
reaction. Though the assembled PANI-600/WO;-S ECSs show the
adjustable AVT from 58% (0 V) to 17% (1.4 V) during the charging/dis-
charging process, it is also observed the small reaction current and
ignorable redox peaks of WO; in the CV curves, low specific capaci-
tance of 3.6 mF cm™, low energy density of 9.88 mWh m™ and larger
charge transfer resistance of ~7Q (Supplementary Fig. 17a-e). In
addition, the capacitive performance of the PANI-600/WQ3-S ECSs
decreased to 77% after 1100 cycles in Supplementary Fig. 17f.
Obviously, the ECSs assembled by mismatched positive and negative
electrodes exhibit poor electrochemical capacity. According to the
reference, supercapacitors assembled with mismatched positive and
negative electrodes are not only difficult to maximize performance but
also produce over-discharge phenomena. Under such a deep dis-
charge process, the electrode materials are often damaged seriously
affecting the stability of the device™,

The self-powered LSCs-ECSs integrated devices

Before the assembling of the LSCs-ECSs integrated device, a red light
emitting LSCs was first prepared via in situ blade coating on a glass
substrate (Supplementary Fig. 18) for photon collection using ligand-
modified CsPbl; nanocrystals and PMMA as luminophores and lumi-
nescent layer matrix, respectively. XRD in Supplementary Fig. 19a and
energy dispersive spectroscopy in Supplementary Fig. 19b indicate the
uniformly distributed cubic phase CsPbl; nanocrystals in PMMA,
As-prepared CsPbls/PMMA composite films exhibit a high AVT of 80%
in Fig. 3a, red-emission peak around 688 nm at the optimum excitation
wavelength of 470 nm in Fig. 3b, and the absolute photoluminescence
quantum yield (PLQY) of 54.9% as tested in the integrating sphere in
Supplementary Fig. 20%. According to Fig. 3c, d, the absorption effi-
ciency (n7abs), edge-emission efficiency (feqge), and internal optical
efficiency (1) are calculated as 11.6%, 72.4%, and 39.8% by Eq. 6 in
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Supplementary Information. Thus, the resulting external optical effi-
ciency (fexy) of LSCs is 4.6% (calculated by Eq. 7 in Supplementary
Information)®®, which is higher than that of most reported LSCs in
Supplementary Table 3. From the current density-voltage (J-V) curve of
LSCs in Fig. 3e, the PCE and light utilization efficiency (LUE) values of
the 5x 5cm? device under the 1 sun condition are calculated as 0.56%
and 0.45% by the Eq. 8 in Supplementary Information and Supple-
mentary Table 4%, The integrated short-circuit current density (/s.)
obtained by testing the average position-dependent external quantum
efficiency (EQE;sc(A)) of the LSCs in Supplementary Fig. 21 corre-
sponds to the /. value extracted from the J-V curve. In addition, the
light intensity of the composite film can still reach 21% of the initial
light intensity at a light path length of 9 cm in Fig. 3f. After one month
of storage in ambient air (temperature: 298 K, relative humidity: 35%)
in Supplementary Fig. 22, the PLQY and PCE of the device can still
maintain 85% and 81%, indicating that the PMMA polymer has a certain
protective effect on CsPblz nanocrystals.

For assembling the LSCs-ECSs integrated device, PANI-600/WO5-
45 ECSs and LSCs with both working areas of 5 x 5 cm? were assembled
together via UV curing agent following by series connection PV cell to
electrodes of ECSs. The two switches were connected to the circuit as
shown in Fig. 4a. As a result, ECSs were charged/discharged by LSCs/R-
load in the case of turning on the S,/S, switch. First, the charging
process by turning on the S1 switch was measured. In this process, the
light energy collected by the LSCs is converted into electrical energy
and stored in the ECSs. (1) We studied the charging time of the LSCs-
ECSs integrated device in different environments. In the case of 1 sun,
the integrated device was successfully charged to 1.2V in 124s, as
shown in the charging curve in Fig. 4b and Supplementary Movie 1. The
integrated devices show moderate self-powered efficiency and capa-
citance stability but a relatively short charging time for achieving
relative high voltage compared with different types of self-charging
devices (Supplementary Table 5). In the case of low light environment,
it requires 400 s when the device is charged to 0.45V in Supplemen-
tary Fig. 23 under the LED illumination (8 W, 6500 K, 800 Im, Warm
White). (2) In the charging process, the transmittance and color of the

device were changed due to the oxidation of PANI and reduction of
WOs;. From Fig. 4c, the AVT of the LSCs-ECSs integrated device change
from 36.8%, 25%,16.7% t010.2% at the charging time from0s,405s,80 s
to 120's, along with obvious color changes from light green to dark
blue as shown in Fig. 4d. In SWIR regions, the device achieves the
integrated optical transmittance of 31.4% in the discharged state,
which decreases to only 13.4% after 120s of charging. (3) The
decreased transmittance of ECSs during the charging process can also
lead to the decreased output power of LSCs due to the decreased
amounts of photons received by the LSCs. As shown in J-V curves of
Fig. 4e, a slight drop in both open circuit voltage and short circuit
current density can be seen and the PCE values of LSCs were 0.13%,
0.12%, and 0.1%, respectively, when the ECSs is charged to 0V, 0.6 V
and 1.2 V. Similar results were also observed during the charging pro-
cess in low light environment under the LED illumination in Supple-
mentary Fig. 24. Second, the ECSs was discharged by R-load when the
S2 switch was turned on. Based on this discharge curve in Fig. 4b, the
area capacitance of the device in Supplementary Table 6 was calcu-
lated to be 0.96-2.94mFcm™ in the current density range of
0.5-0.025mA cm™. It may satisfy energy requirement of some low-
power devices such as timer as shown in Fig. 2c.

The application of self-powered LSCs-ECSs integrated device
Being of the trifunctions of photovoltaic conversion, energy storage,
and electrochromism, the LSCs-ECSs integrated devices can be used in
many fields. First, since the ECSs achieve an energy density of
233 mWhm™ as we have discussed above, the charged LSCs-ECSs
integrated devices can act as an energy storage device to continuously
supply for low-power devices, such as a timer in Fig. 2c and Supple-
mentary Movie 2.

Second, LSCs-ECSs integrated devices can act as quick-
convertible smart window for building or automobile by replacing
traditional windows. If needing a light/dark environment, the switch
S2/S1 can be turned on. Then the device can quickly discharge/char-
ging, realizing the state change of the smart window between blackout
and light transmission. Considering that the integrated device is
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Fig. 5 | The self-powered display based on the LSCs-ECSs integrated device.

a Schematic illustration of the fabrication process of electrochromic display.
Polyvinyl chloride (PVC) sticker is used as a mask. b An equivalent circuit of the self-
powered display. S1 and S2 are connected to the red or green wires simultaneously
to realize the switching on of gear “I” or “II”, respectively. When S3 is individually
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switched on, the device is in gear “0”. ¢ The optical photographs of the self-
powered display in three different states of switch. d The V-t curves of the self-
powered display under 1 sun condition. Source data are provided as a Source
Data file.

capable of modulating visible and SWIR light, the solar irradiation
transmittance in the full-charged or full-discharged state was calcu-
lated to evaluate the actual solar irradiation modulation in Fig. 4f. In
the discharged state, the integrated device blocks 69.4% of the near-
infrared radiation as well as maintaining 38% transmittance in the
visible region; while the integrated device in the charged state blocks
86.9% of the solar radiation in the short wave near-infrared region,
hence it is possible to control the light and heat entering into building
or automobile by the smart window.

Third, the LSCs-ECSs integrated device can be also applied as a
self-powered display. Herein, a layer of PANI with a pattern of “OPEN”,
PVA-H,SO, electrolyte, and another layer of PANI with a pattern of
“CLOSE” were used to assemble ECSs in Fig. 5a. To enable fast
switching between “OPEN” and “CLOSE”, a three-gear control switch is
introduced into the circuit as shown in the equivalent circuit diagram
(Fig. 5b). At the charging voltage of 1V by LSCs under 1 sun condition,
the ECSs were displaying a different message in a different state of the
switch. (1) When the switch is placed on the gear “0”, the connection of
LSCs and ECSs was broken. In this situation, both “OPEN” and “CLOSE”
appear in green color, making it impossible to clearly communicate a
clear text message (Fig. 5¢). (2) When the switch is switched to gear “1”
the bottom pattern “OPEN” rapidly changes to dark blue due to the
oxidation of PANI, making it easy to be observed. In comparison, the
top pattern “CLOSE” changes to undertint green, which is not easy to
observe. As a result, a distinct “OPEN” was displayed. (3) During the
transition from gear “I” to gear “II, the device is rapidly discharged and
then recharged in reverse, resulting in a clear display of the “CLOSE”
text message. The complete operational sequence of the self-powered
display device is captured in Supplementary Movie 3. The device is
capable of charging to 1.1V within 2 s for fast display of text messages
as shown in the V-t curve of Fig. 5d. In addition, the device can be
discharged into standby mode within 2 s with the assistance of a series

resistor. Similar results were also observed in low light environment
under the ambient LED illumination (8 W, 6500K, 800Im, Warm
White). The display is still able to charge quickly to more than 0.5V
under the LED illumination and convey clear information as shown in
Supplementary Fig. 25 and Supplementary Movie 4.

In conclusion, we demonstrated a trifunctional LSCs-ECSs inte-
grated device with photovoltaic conversion, energy storage, and
electrochromism by connecting LSCs and ECSs in series via a “face-to-
face” approach. This self-powered integrated device achieves an area
capacitance of 2.94 mF cm™ and can be quickly charged to 1.2 V within
124 s under 1 sun condition for supplying low-power devices. More-
over, the integrated device has reversible electrochromic behavior
(AVT between 10.2% and 36.8%). Based on the color-changing nature of
the integrated device, we have prepared self-powered displays that can
rapidly display textual information within 2s. However, the current
LSCs-ECSs integrated device still has the small energy density, which is
far from the requirement of practical energy storage product. The
possible solution in future includes using high specific capacity
materials as electrodes, doping the electrolyte with multivalent ions,
broadening the operating voltage window, and integration of ions
batteries as alternative energy storage modules. Moreover, the cycling
stability of LSCs-ECSs integrated device still needs to be further
improved before practical application. The possible solution in future
includes the developing of novel electrochromic materials with better
stability and introducing hierarchical porous electrode scaffold for
loading the electrochromic materials to reduce the structural damage
caused by lattice volume changes.

Methods

Materials

Octylammonium iodide (OAl, >99.5%), lead iodide (Pbl,, 99.99%), and
Cesium lodide (Csl, 99.9%) were purchased from Xi'an Polymer Light

Nature Communications | (2025)16:2085


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57369-6

Technology Corp. Polymethyl methacrylate (PMMA) was purchased
from Sinopharm. N, N-dimethylformamide (DMF, AR) was purchased
from Nanjing Reagent. UV-curable adhesive (K2018) was purchased
from KSIMI. Ethanol (CH5CH,OH), Sulfuric acid (H,SO,4), hydrogen
peroxide (H,0,), Sodium tungstate dihydrate (Na,WO,), Acetic acid
(CH3COOH) and Acetone (CH3COCH;) were purchased from Sino-
pharm Chemical Reagent Co. Ltd. Tungsten hexachloride (WCls,
99.5%) was purchased from Macklin Reagent Co. Ltd. Aniline and Poly
(vinyl alcohol) 1799 (PVA) were purchased from Aladdin Shanghai
Aladdin Biochemical Technology Co., Ltd. All materials were used
without further purification. Si-PV was purchased from Telesky Inter-
national Limited. The indium tin oxide (ITO) substrates (8 Qsq™) were
purchased from Luoyang Guluo Glass Co., Ltd (China).

Fabrication of electrodeposited PANI film

In a typical synthesis, the ITO glass was washed with acetone, ethanol,
and deionized (DI) water successively and dried. In a three-electrode
system (Ag/AgCl as the reference electrode and Pt foil as the counter
electrode), ITO glass was immersed into the electroplating precursors
(0.05M aniline, 1M H,S0,) and applied a voltage of 1V for different
electrodeposition time of 300s, 450s, 600s, 750s, and 900s. The
above PANI electrodes are named PANI-300, PANI-450, PANI-600,
PANI-750, and PANI-900 based on the deposition time.

Fabrication of electrodeposited WO film

First, 0.1M Na,WO, was dissolved in water at 60 °C with constant
stirring, and then 0.08 M H,0, and 0.36 M H,SO, were added slowly
and sequentially. after stirring for 5min, a yellow electroplating solu-
tion of WO3 was obtained. Then, in a three-electrode system (Ag/AgCl
as the reference electrode and Pt foil as the counter electrode), ITO
glass was immersed into the electroplating solution and applied a
voltage of -0.5V for different electrodeposition time of 15s,30's, 45's,
and 60 s. The above WO; electrodes are named WO5-15, WO5-30, WO3-
45, and WO3-60 based on the deposition time.

Fabrication of spin-coated WO; film

The WO; films were prepared by the sol-gel spin-coating techni-
ques. 0.5g of WClg powder was dissolved in 10 ml of anhydrous
ethanol and 1ml of glacial acetic acid was added to the mixed
solution. The solution was then stirred at room temperature for
30 min, and 1 ml of H,0, was added to the mixed solution and
further stirred for 30 min. Subsequently, the resulting light green
color solution was stirred at 40°C until a homogeneous and
transparent solution was obtained. The resulting solution was
then spin-coated onto the treated ITO substrate at 2000 rpm and
subjected to solvent evaporation at 100 °C. Finally, the electrodes
were annealed by holding at 250 °C for 2 h in a tube furnace. The
spin-coated WOj3; are named WO3;-S.

Quasi-solid state ECSs assembly
The ECSs were assembled using two pieces of ITO glass with PANI or
WO; film. 3M™VHB™ tape was used to seal three sides of the device.
Then, the PVA-H,SO, electrolyte was injected into the device by a
syringe through the unsealed side.

Fabrication of CsPbl;/PMMA LSCs

0.027 mmol Csl, 0.027 mmol Pbl,, and 0.019 mmol Octylammo-
nium iodide (CgH,oNI, OAI) were dissolved in 10 mL DMF under
magnetic stirring. Then, PMMA (0.9 g) was dispersed into the
above solution. The mixture was kept stirring for 24 h at room
temperature to form the viscous slurry. After that, the precursor
slurry was blade-coated onto the clean glass to obtain a uniform
film. The obtained glass substrate was transferred into heating
plate and maintained at 130 °C for 5 min for the crystallization of
OA-modified CsPbl; nanocrystals.

Fabrication of LSCs-ECSs integrated devices

A glass with a CsPbl;/PMMA composite film is directly affixed to the
backside of the electrodes of the ECSs by using a UV-curable adhesive,
where the CsPbl;/PMMA composite film is sandwiched in the center.
Then, the samples were irradiated with a UV lamp (365 nm) for curing.
Finally, the PV cells (the specific performance parameters as shown in
Supplementary Table 1) are attached to the edges of the above struc-
ture, and their exposed light-absorbing parts are wrapped in black tape
so as not to interfere with the optoelectronic testing of the integrated
device.

Fabrication of ECSs for display

A PVC sticker is applied as a template to the conductive side of the ITO,
and the desired PANI pattern is generated in the exposed area by
electrodeposition. After separating the stickers, the resulting pat-
terned PANI electrodes were symmetrically assembled on both sides of
the gel electrolyte to form the ECS (electrochromic display section).
Two commercial monocrystalline silicon cells with an open-circuit
voltage of 0.69V and a short-circuit current of 58 mA (the specific
performance parameters in Supplementary Table 7) were connected in
series, and then coupled to one side of the LSCs, and their exposed
portions were taped with black tape. The other parts are the same as
the LSCs-ECSs integrated device preparation process described above.
Finally, a three-gear transfer switch is used to connect the entire
circuit.

Characterizations

XRD investigation was carried out by using the Bruker D8 advance with
monochromatized Cu Ka radiation (A =1.5418 A). XPS was measured by
Thermo Scientific Escalab 250Xi. FTIR was implemented by Bruker
Vertex80v. The energy dispersive X-ray spectroscopy and SEM images
were measured by FEI Quanta FEG 250.

Electrochemical test

The electrochemical test of the ECSs was carried out by the electro-
chemical workstation (CHI660D, Shanghai, China). The ionic con-
ductivity of PVA-H,SO, electrolyte was tested using an ionic
conductivity meter (DZB-712F). The in situ transmittance spectra and
response times were recorded from a Shimadzu 3600 UV-vis near-
infrared spectrophotometer coupled with the electrochemical work-
station. The masses of the PANI-600 and WOs-45 films obtained by
cumulative weighing method were 0.5mgcm™ and 0.2mgcm?,
respectively. Transmittance was recorded with Shimadzu 3600 UV-vis
near-infrared spectrophotometer. Coloration efficiency of ECSs was
calculated from the following formulae: CE=AOD/(Q/A); AOD =log
(Tuw/T,), where Q/A is the injected charge Q per unit electrode area A. Ty,
and T are the transmittances of the films in their bleached and colored
states at the specified wavelengths, respectively. The response times
were defined as the times required for 90% of change in the full optical
modulation at the specified wavelengths.

Optoelectronic test

Photoluminescence (PL) and photoluminescence excitation (PLE)
spectra were recorded with a Shimadzu RF-5301 PC spectro-
fluorometer, and the excitation wavelength was set as 470 nm. The
PLQYs of CsPblz/PMMA composite films were measured by Edinburgh
FS5 with the excitation wavelength at 470 nm at room temperature.
The EQE of LSCs was measured on Enlitech QE-R. For the edge effi-
ciency of the LSCs, the total emission from the LSCs was first tested
with an integrating sphere, and then the emission from the surface of
the LSCs was measured by masking the four edges of the LSCs with
black tape. The difference between the total emission and the surface
emission is the edge emission. The edge efficiency values of the LSCs
were obtained by calculating the integral area of the three curves. The
absorbance (4 =1-10"°P, blue line) was convolved with the normalized
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AMLS solar spectrum. The ratio of the obtained solar absorption
integral area to the normalized solar spectrum is the absorption effi-
ciency of the LSCs. The properties of the Si cells used for the perfor-
mance testing of LSCs were as follows, V. of 0.6V, Is. of 0.076 A, fill
factor of 70.3%, J. of 38 mA cm, PCE value of 16.5%. I-V curves were
measured by solar simulator (model 66902) from Newport, which had
a300 W Xenon lamp with an irradiance 0of 100 mW cm™ (AM 1.5 G). The
LED lamp was purchased from Philips (CorePro E27 LED GLS Bulb 8 W,
6400 K, 800 Im, Warm White).

Data availability

The authors declare that the data supporting the findings of this study
are available within the article and its Supplementary Information.
Extra data are available from the corresponding authors upon
request. Source data are provided with this paper.
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