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A B S T R A C T   

Passive daytime radiative cooling (PDRC) can cool down objects by simultaneously reflecting sunlight and 
radiating heat to the cold external space, which has no energy consumption. Traditional PDRC design usually 
needs to rely on micro-nano structures, which are easily damaged and lose function. On the one hand, the 
mechanical strength of PDRC can be enhanced. On the other hand, by integrating self-monitoring character in the 
same membrane fault part can be easily distinguished for fixing or replacing. Monitoring the damage by using 
traditional sensors will cause additional energy loss. Therefore, an intelligent PDRC that can monitor the failure 
itself is urgently needed to be developed. Here we found that the polyvinylidene fluoride-co-hexafluoropropylene 
(PVDF-HFP) nanofiber membrane obtained by electrospinning technology can effectively scatter sunlight, while 
emitting infrared rays matching the atmospheric window to achieve effective heat dissipation. In the preparation 
process, the electrostatic field can effectively polarize the PVDF-HFP to obtain good piezoelectric performance, 
which can be used to monitoring the integrity of membrane function. Meanwhile, the membrane can be used as a 
nanogenerator to collect mechanical energy in the environment, such as raindrop energy when used on the roof, 
thereby not only reducing cooling energy loss, but also collecting energy additionally, achieving a dual energy- 
saving design. Its excellent self-cleaning and recyclable characteristic bring more benefits to its green and energy- 
saving features. Therefore, this intelligent PDRC provides ideas for new energy-saving designs. At the same time, 
a simple preparation method is more conducive to the promotion of this technology.   

1. Introduction 

Passive daytime radiative cooling (PDRC) is an emerging effective 
cooling method [1–4]. The principle of this method is to scatter/reflect 
sunlight as much as possible to avoid temperature rise caused by sun
light absorption. On the other hand, the material needs to have good 
infrared emission in the atmospheric window band so that heat can be 
radiated to the cold outer space through the atmospheric window to 
achieve spontaneous cooling. Spontaneous cooling without power input 
makes this method very attractive. The micro-nano structure can pro
vide a large number of material-air interfaces. On the one hand, the 
interfaces can effectively scatter sunlight, on the other hand, it provides 

more infrared emission interfaces. Therefore, in recent years, various 
macro and micro structures have been designed to achieve passive 
daytime radiative cooling. Micro-nano processings such as electron 
beam lithography RF-sputtering [5] were used to prepare metamaterials 
[6–8], photonic crystals [9–11], multilayer photonic structures [12–14], 
dielectrics, polymers and polymer dielectric composites [15,16] on 
metal mirrors. Although these designs are effective, expensive 
manufacturing costs and complex manufacturing techniques greatly 
limit their mass production and application. On the other hand, mate
rials with micro-nano structures are generally vulnerable. In particular, 
it is applied to outdoor open air environment, which is extremely easy to 
cause local failure and affect heat dissipation under the influence of 
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natural factors and human factors. This calls for an intelligent PDRC 
with simple production process, low cost, and the ability to monitor its 
own faults, which can accurately locate the damaged area for easy 
maintenance. 

Recent PDRC designs use SiO2 to be transparent to visible light, so 
visible light that is not reflected at the interface will not cause a sharp 
temperature rise, so nano-structured SiO2 spheres can perform second 
and third refraction/reflection to effectively scatter visible light; and at 
the same time SiO2 can also effectively emit infrared light, so it is widely 
used in combination with other materials to achieve effective PDRC 
design [15,17]. In addition, some organic materials such as poly
vinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) microporous 
structure are also used for PDRC design [1]. Based on the above prin
ciples, it is conceivable that the fiber membrane with disordered struc
ture prepared by electrospinning technology is full of fiber-air 
interfaces, which scatters visible light and emits infrared light efficiently 
[17]. More importantly, we have designed an electrospinning 
single-electrode piezoelectric structure [18] to effectively monitor the 
performance of the membrane using advantages of piezoelectric mate
rials [19,20]. At the same time, single-electrode configuration also 
avoids the influence of the top electrode shielding of the traditional 
two-electrode sensor on the PDRC heat dissipation effect, which has a 
huge influence on the optical properties of the upper surface. Electro
spinning is a mature technology that has been widely used [21–25]. It 
relies on electrostatic repulsion between surface charges to prepare fiber 
materials [26,27] Compared with other nanostructure assemble 
methods, electrospinning has low cost, simple operation, high effi
ciency, mass production, and controllable structural parameters such as 
the shape and size of the prepared material [28,29]. The high-voltage 
electrostatic field in the spinning process can pre-polarize the fiber, 
which significantly improves the piezoelectric performance of the fiber 
[30,31]. After being assembled into a nanogenerator, the mechanical 
energy in the environment can be well collected to achieve a dual 
energy-saving design [32]. At the same time, self-powered sensing [18] 
is realized to achieve the purpose of monitoring its own faults. 

Here, we demonstrate an intelligent PDRC dual energy-saving design 
based on electrospinning PVDF-HFP fiber that can monitor its own 
faults. The single-electrode piezoelectric configuration realizes the 
monitoring of its own working state. By dropping the top electrode, the 
smooth fiber surface can efficiently reflect sunlight. Its infrared emission 

peak can also transfer heat to space through the atmospheric window. Its 
passive daytime radiative cooling capacity has been experimentally 
proven. On the other hand, its good piezoelectric performance has also 
been confirmed, which can realize self-powered pressure monitoring 
and complete the monitoring of PDRC integrity. At the same time, it also 
successfully collected the mechanical energy of raindrops and realized 
the double energy-saving design. In addition, its good self-cleaning 
ability, recyclability, simple preparation method and mechanical prop
erties are also conducive to its practical application. 

2. Experiment and characterization 

2.1. Materials 

PVDF-HFP pellets (Mw~450,000, Sigma-Aldrich LLC.) was used in 
this work. N, N-Dimethylformamide (DMF) was obtained from Sino
pharm Chemical Reagents. Acetone was obtained from the Laiyang Fine 
Chemical Factory, China. 

2.2. Preparation of solutions and electrospinning 

A PVDF-HFP solution was prepared by dissolving PVDF-HFP pellets 
(20 wt%) in an acetone–DMF solvent mixture (1/1 w/w) and then 
stirring the mixture with a magnetic stir bar for 4 h at 45 ◦C. Finally, a 
hand-held electrospinning device [33] is used to electrospin, as shown in  
Fig. 1a. The spinning distance is controlled at 10–20 cm. The purpose of 
this manufacturing process is to quickly produce coating materials with 
high yields and high uniformity. 

Fig. 1b shows the molecular structure of PVDF-HFP before and after 
electrospinning. During the electrospinning process, part of the PVDF in 
the PVDF-HFP is changed from the α phase to the β phase, so that the 
PVDF-HFP fiber has piezoelectric characteristics [34]. Fig. 1c is a 
photograph of a PVDF-HFP membrane and representative SEM images. 
The nanofiber diameter distribution is shown in Fig. 1d. The fiber 
diameter is normally distributed in the range of 0.2–1.8 µm, which is the 
same as the wavelength of visible light and near-infrared light. 

2.3. Characterizations 

SEM (TM-1000) was used to characterize the morphology and 

Fig. 1. The formation and morphology characterization of the dual energy-saving PVDF-HFP fiber membrane. (a) The preparation process of the PVDF-HFP fiber 
membrane. (b) Changes in PVDF-HFP molecular structure during electrospinning. (c) The photograph of PVDF-HFP membrane and representative SEM images. (d) 
The diameter distribution of PVDF-HFP fiber in the membrane. 
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dimensions of the PVDF-HFP fibers. The digital multimeter (Rigol DM 
3058) nanovoltmeter (Keithley 2182) and temperature probe (UT-T12) 
were used to monitor the temperature change of the experimental group 
and the control group in real time. Ultraviolet visible near infrared 
spectrophotometer and Fourier transform infrared spectrometer (Nico
let iS10) was used to test the spectrum of the membrane in different 
bands. COMSOL was used to simulate the reflectivity of PDRC to sun
light at different angles and the effect of heat dissipation. The digital 
multimeter was also used to measure changes in capacitor voltage. Low 
noise current amplifier (SR570) and digital oscilloscope (GDS-2102) 
were used to record piezoelectric current and voltage. The mechanical 
properties of PVDF-HFP membrane was measure by Instron 3300 Uni
versal Testing Systems. JY-PHb optical contact angle meter was used to 
test the water contact angle of membrane. 

3. Results and discussion 

3.1. Passive daytime radiative cooling 

At temperature T, the net cooling power Pcool of the radiant cooler 
with area A is given by [14]. 

Pcool(T) = Prad(T) − Patm(Tamb) − PSun − Pcond+conv (1)  

Prad(T) = A
∫

dΩcosθ
∫ ∞

0
dλIBB(T, λ)ϵ(λ, θ) (2)  

Patm(Tamb) = A
∫

dΩcosθ
∫ ∞

0
dλIBB(T, λ)ϵ(λ, θ)ϵatm(λ, θ) (3)  

PSun = A
∫ ∞

0
dλϵ(λ, θSun)IAM1.5(λ) (4)  

Pcond+conv(T, Tamb) = Ahc(Tamb − T) (5)  

where Prad(T) is the power radiated out by the structure, IBB(T, λ) is the 
spectral radiance of a blackbody at temperature T, ϵ(λ, θ) is the spectral 
and angular emissivity, Patm(Tamb) is the absorbed power from the at
mosphere radiation, PSun is the incident solar power absorbed, IAM1.5(λ)
is the solar illumination, Pcond+conv is the power lost due to convection 
and conduction, hc = hcond +hconv is a combined non-radiative heat co
efficient. 

In order to achieve daytime radiative cooling, the equipment must 
meet the power balance equation of Eq. (1). First, in order to mini
mizePSun, it must reflect sunlight strongly. Since the solar spectrum is 
mainly distributed in 0.3–2.5 µm, it must reflect strongly in the visible 
and near-infrared wavelength range. Secondly, it must emit heat radi
ation strongly to increase Prad(T) as much as possible，while minimizing 
incident atmospheric thermal radiation Patm(Tamb) by minimizing its 
emission at non-atmospheric window. Therefore, the device must only 
selectively and strongly emit light at atmospheric windows between 8 
and 13 µm and 19–22 µm, and reflect at all other wavelengths [14]. 

Fig. 2a is the principle of passive daytime radiative cooling. The 

Fig. 2. The optical properties and passive daytime radiative cooling performance of PVDF-HFP membrane. (a) The schematic of cooling principle. (b) Normalized 
AM 1.5 global solar spectrum and long-wave infrared atmospheric transmittance. (c) Spectral reflectance of PVDF-HFP membrane. (d) Schematic diagram of a device 
for testing performance in sunlight. (e) Topographic and meteorological information of the test locations. (f) Temperature data of the result for Qingdao. 
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different vibration modes of the material’s molecular structure make the 
material have strong thermal emissivity. Micro and nano fibers in the 
membrane can effectively scatter sunlight, thereby reducing indoor 
temperature. Fig. 2b shows the normalized AM 1.5 global solar spectrum 
and long-wave infrared atmospheric transmittance. The absorbance of 
the atmosphere causes a sharply varying in the spectrum. However, the 
first atmospheric transmission window of 8–13 µm and the second at
mospheric window of 16–20 µm make passive radiative cooling 
possible. It can be seen from Fig. 2c, spectral reflectance of PVDF-HFP 
membrane, that the high solar reflectance in the visible and near- 
infrared region of 0.3–2.5 µm can ensure that all incident light is well 
reflected. The emissivity/absorptivity of 7–13 µm and 16–20 µm can 
correspond to the atmospheric window to achieve passive radiative 
cooling. 

In order to test the actual effect of heat dissipation, a controlled 
experiment was designed, as shown in Fig. 2d. Two equal-volume plastic 
foam boxes were used to reduce heat transfer, and a cement concrete 
roof was used to simulate a real roof. The top layer of the experimental 
group was covered with aluminum foil and PVDF-HFP fiber membrane. 

PVDF-HFP fiber plays the role of reflecting sunlight and emitting 
infrared rays. Residual transmitted light can be reflected by aluminum 
foil. At the same time, aluminum foil can also work as the electrode 
material of single-electrode nanogenerator. During PDRC test, the 
location and weather information of the test is listed in Fig. 2e. The 
results in Fig. 2f show that the PVDF-HFP fiber membrane dropped 
temperature in the box lower by about 10 ◦C than the control group, 
achieving a sub-ambient temperature drop. The comparison with the 
ambient temperature is shown in Fig. S6. This simulation shows that 
PVDF-HFP fiber membrane can reduce the temperature in the building, 
thereby reducing the cost of air conditioning. And its performance in 
passive daytime radiative cooling is comparable to the results in other 
literatures. As shown in Table S1. 

To verify the reliability of the experimental data, a series of theo
retical simulations were constructed through COMSOL. First, it can be 
inferred from the white appearance of the fiber membrane that it has a 
strong optical reflection of sunlight. COMSOL’s simulation results also 
confirmed this (Fig. 3a). Randomly distributed cylindrical fibers cause 
diffuse reflection independent of the angle of incidence. In order to 

Fig. 3. (a) The reflectivity of PVDF-HFP fiber membrane to sunlight incident at different angles was simulated by COMSOL. (b) Infrared image of the radiant 
membrane, with a caved aluminum foil on the membrane as a reference (dark area). (c) Comparison of the heat dissipation capacity of the experimental group and 
the control group simulated by COMSOL. (d) Temperature tracking and (e) corresponding cooling power data. Additional information is provided in the Supple
mentary Materials S1. (f) Infrared images and corresponding digital images of concrete slabs in different states: <i, ⅳ> placed in sunlight for 1 h to achieve thermal 
stability; <ii, v> cover coating; <iii, ⅵ> the layer was removed after 1 h. 
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qualitatively check the mid-infrared emissivity of the fiber membrane, 
we took an infrared image of the PVDF-HFP fiber membrane with 
aluminum foil (low emissivity) placed on its surface as a reference. The 
wavelength range of the camera lens is 7.2–13 µm (mostly overlapping 
with the atmospheric window). The results show that the emissivity of 
the fiber membrane in this range is very high, as shown in Fig. 3b. The 
heat dissipation effect of the test group and the control group was 
simulated through the heat transfer module of COMSOL, as shown in 
Fig. 3c. In ordinary buildings without any protection, in the case of 
direct sunlight, a large amount of solar radiation can be absorbed by the 
roof, making the indoor temperature even higher than outdoor. The roof 
covered with PVDF-HFP fiber membrane can reflect most of the solar 
radiation energy, and radiate heat outward through the atmospheric 
window to reduce the indoor temperature. 

Then, a temperature tracking method was used to characterize the 
heat dissipation power of the PDRC. When the peak solar intensity of 
Qingdao (China) on October 8 was 284 W m− 2 and the weather was 
clear with low humidity (25%) and breeze (wind level 3), PVDF-HFP 
fiber membrane obtained a cooling powers of 78 W m− 2. The working 
principle is shown in Fig. S1. The temperature of the membrane is kept 
consistent with the air temperature by controlling the heating plate. The 
temperature curve as shown in Fig. 3d. Therefore, there is no heat 

conduction and heat convection. The heating power of the heater is the 
heat dissipation power of the PDRC (Fig. 3e). The infrared image shown 
in Fig. 3f further confirms the excellent cooling performance of the 
PVDF-HFP fiber membrane. After placing the concrete slab in direct 
sunlight to reach a thermally stable state (Fig. 3f <i, iv>), its left half 
was covered with PVDF-HFP fiber membrane (Fig. 3f <v>). After one 
hour, it reached thermal stability again (Fig. 3f <ii>), peeling off the 
fiber membrane and quickly taking an infrared photo (Fig. 3f <iii, vi>). 
As shown in Fig. 3f <iii>, the temperature of the left area of the concrete 
slab was significantly lower than that of the right area that did not 
covered anything, which fully proved its feasibility in practical 
application. 

3.2. Integrating PDRC’s self-monitoring capabilities 

Traditional electronic devices often require two electrodes in order 
to be consistent with the acquisition circuit to maintain electrical 
neutrality. However, for PDRC materials, designing a two-electrode 
configuration will inevitably affect PDRC performance. The use of 
electrode pair perpendicular to the membrane surface will lead to a 
decrease in capacitance, resulting in a decrease in sensing accuracy. At 
the same time, this electrode configuration is also extremely difficult to 

Fig. 4. Working mechanism and output performance of single-electrode intelligent PDRC. (a) The working mechanism of single-electrode intelligent PDRC. (b, c) 
Output current and voltage under different pressures. (d) Output current and voltage with various external load resistances. (e) Dependence of output power on load 
resistances. (f) Simulating a 2 × 2 PDRC array after the 2 area is destroyed, the heat dissipation effect of the corresponding area is also reduced. (g) The self- 
monitoring function is realized by comparing the electrical signal output of the four areas before and after damage. (h) The output signal changes before and 
after the radiator is blocked. 
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be constructed. When using top and bottom electrodes, the traditional 
metal electrode has a very low thermal emissivity and will not produce 
effective infrared emission, and will hinder the infrared of the PDRC 
layer emission. The transparency of transparent ITO is only for visible 
light, and its transmittance for infrared is not good. In fact, because 
piezoelectric materials work with displacement current, it is possible to 
design a single-electrode configuration, and this configuration has been 
confirmed in the previous work [18]. The working mechanism of a 
single-electrode piezoelectric nanogenerator is shown in Fig. 4a. During 
the electrospinning process, some PVDF-HFPs will spontaneously 
polarize, and the electric dipoles will be aligned along the direction of 
the electric field, and will reach an equilibrium state after spinning 
(Fig. 4a <i>). Then switch on the external circuit. When pressure is 
applied to the membrane, the spontaneous polarization strength of the 
membrane will decrease, and the charge induced on the electrode will 
also decrease accordingly. The excess charge flows through the circuit to 
form a current (Fig. 4a <ii>). When the pressure disappears, the spon
taneous polarization strength of the membrane returns to its original 
state, and the flowing charge returns to the electrode to form a reverse 
current (Fig. 4a <iii>). In this configuration, the PDRC material will no 
longer be hindered by the electrode layer, thus achieving compatibility 
between PDRC and piezoelectric monitoring. It is worth noting that the 
single electrode output performance of PVDF-HFP is very dependent on 
the integrity of the PVDF-HFP layer. If the PVDF-HFP fiber membrane is 
damaged, which causes the drop of its PDRC performance, there will be 
a significant drop of the electric output, which can be used to monitoring 
the function of PDRC. 

This nanogenerator has high sensitivity and can detect a minimum 
force of 0.1 N. Moreover, the output increases as the pressure increases, 
as shown in Fig. 4b, c. Therefore, all human activities and even small 
animal activities on the roof can be monitored. In order to easily esti
mate the piezoelectric power of the nanogenerator, the output under 
different external load resistances was measured. As shown in Fig. 4d. 
The pressure was maintained at 170 N. As the external load increases, 
the current gradually decreases and the voltage gradually increases. And 

then, the power of nanogenerator can be calculated by using these data. 
As shown in Fig. 4e, the dependence of output power on load resistances, 
when the load resistance is 100 MΩ, the output power reaches the 
maximum value of 0.3 W m− 2. Its output performance is significantly 
higher than other piezoelectric nanogenerators, which has obvious ad
vantages. The comparison results are shown in Table S2. 

Then, PDRC’s self-monitoring function was confirmed. A 2 × 2 PDRC 
array was fabricated, the area 2 was artificially damaged (Fig. 4f), and 
the heat dissipation function was seriously affected. However, it can be 
easily seen from the electrical signals of the PDRC array in Fig. 4g that 
the working status of each area. And it can be accurately determined 
that areas 2 is damaged and needs repair. The sensitivity of the damage 
monitor is shown in Fig. S2. On the other hand, the pyroelectric prop
erties [35] of PVDF-HFP when irradiated by sunlight are also very 
helpful to PDRC’s self-monitoring function. As shown in Fig. 4h, when 
the radiant cooler is blocked by an object, the output electrical signal 
will have a significant change. When the obstruction is removed, a 
reverse signal will appear. So as to realize the self-monitoring of whether 
the radiant cooler is blocked. 

3.3. Real-time monitoring of rainfall 

The piezoelectric effect of PVDF-HFP broadens the function of the 
PDRC, enabling it to not only perform passive radiative cooling on hot 
days, but also collect the mechanical energy of raindrops on rainy days 
and monitor the rainfall level in real time. At the same time, the working 
state of each area can be accurately monitored through the monitoring 
system, and accurate and intuitive feedback can be obtained for the 
damage of a certain area, so that the PDRC can be intelligent. Its sche
matic is shown in Fig. 5a. There are many ways to judge the rainfall 
level, which can be based on the size of the raindrops or the rainfall. 
Because raindrops are affected by air resistance during the falling pro
cess, they will eventually fall at a uniform speed. Different sizes of 
raindrops have different ending speeds, and the pressure generated by 
the drops falling on the roof is also different. Therefore, the 

Fig. 5. Real-time monitoring of rainfall and its physical properties. (a) Schematic diagram of intelligent PDRC collecting raindrop mechanical energy and monitoring 
rainfall level in real time. (b) Output current when raindrops of different closing speeds fall on the roof. (c) Capacitor charging voltage corresponding to different 
rainfall. (d) The water contact angle of PVDF-HFP membrane. (e) The photograph and schematic of PVDF-HFP membrane self-cleaning ability. (f) Stress-strain curve 
for a 130 µm thick PVDF-HFP membrane. Inset shows a freestanding PVDF-HFP membrane of 10 mm width and 130 µm thickness supporting a hammer. 
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nanogenerator will have different output, according to the size of the 
output, rainfall level can be judged intuitively. As shown in Fig. 5b. The 
illustration is the schematic of the measurement. In order to easily 
obtain raindrops of different speeds, water droplets of the same size are 
dropped from different heights. Another way to judge the rainfall level is 
to calculate the rainfall. The more rainfall, the higher the rainfall level. 
Nanogenerator can convert the mechanical energy of raindrops into 
electrical energy and store them in capacitors through a rectifier circuit. 
The more rainfall, the more electrical energy is stored, and the higher 
the voltage of the capacitor (Fig. 5c). So it is easy to judge the rainfall 
and the rainfall level through the capacitor voltage. 

On the other hand, the addition of hexafluoropropylene increases the 
flexibility of PVDF-HFP products, which is conducive to the combination 
with electrodes, and at the same time improves its hydrophobicity, 
which is more conducive to realization self-cleaning. It can be seen from 
Fig. 5d, the water contact angle of the PVDF-HFP membrane, that the 
membrane has a high hydrophobic angle. However, a higher hydro
phobic angle is beneficial for the self-cleaning function of the roof. 
Fig. 5e shows the self-cleaning ability of the roof and the microscopic 
principle. When water flows from the surface of the membrane, the dust 
on the surface of the membrane will be absorbed by the water droplets 
and taken away to achieve the purpose of cleaning. As a roof layer, 
PVDF-HFP membrane also needs to have good mechanical strength. 
Fig. 5f shows the stress-strain curve of the membrane. It can be seen that 
the membrane can withstand a maximum stress of 12 MPa and has good 
mechanical properties. 

Any outdoor coating has the problem of aging, falling off and 
becoming dirty, thus generating a lot of construction waste. The heat 
dissipation material in this work is entirely composed of polymer fibers, 
so the damaged coating can be re-dissolved and recycled by acetone- 
DMF solution. As shown in Fig. 6a, with the addition of acetone-DMF 
dissolution, the fiber membrane was gradually dissolved. Even after 
getting dirty, the supernatant can be used to reshape the fiber membrane 
(Fig. 6b). The recyclability of the thermal coating brings additional 
benefits to its green and energy-saving features. 

4. Conclusions 

In summary, we have successfully developed an effective intelligent 
PDRC dual energy-saving design based on electrospinning PVDF-HFP 
fiber. On the one hand, it is a simple, efficient and low-cost passive 
daytime radiative cooling technology that uses cold space as a sink for 
cooling. The PVDF-HFP micro-nano fibers prepared by electrospinning 
can reflect sunlight well (0.3–2.5 µm), and can radiate heat to the 
outside space through the atmospheric windows (8–13 µm and 
16–20 µm), thus achieving the highest temperature drop of 10 ◦C. On 
the other hand, the PVDF-HFP fiber membranes have excellent piezo
electric properties in single electrode configuration, and the output 
power is up to 0.3 W m− 2 under 170 N pressure. It can efficiently collect 
mechanical energy in the environment, even the mechanical energy of 
0.04 g raindrops, and realize self-powered pressure sensing, self- 
monitoring of the PDRC and real-time monitoring of rainfall levels. 
Through the designed circuit, the working status of each area can be 
clearly monitored. The very important thing is that the super- 
hydrophobic property of PVDF-HFP allows the intelligent roof to clean 
itself, which greatly reduces the difficulty of roof cleaning. The worn 
membrane can be re-dissolved to be re-electrospun into new membrane, 
which reduces residual polymer materials to avoid environment pollu
tion. The use of hand-held electrospinning device is simple and easy in 
the preparation process, which can be used for fixing the broken area of 
the membrane. Therefore, in the future large-scale production and 
intelligent housing applications, the proposed technology has high 
competitiveness and huge development potential. 
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