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ABSTRACT
Radiative cooling technologies can passively gain lower temperature than that of ambient surroundings without consuming
electricity, which has emerged as potential alternatives to traditional cooling methods. However, the limitations in daytime
radiation intensity with a net cooling power of less than 150 W·m−2 have hindered progress toward commercial practicality.
Here, we report an integrated radiative and evaporative chiller (IREC) based on polyacrylamide hydrogels combined with
an  upper  layer  of  breathable  poly(vinylidene  fluoride-co-trifluoroethylene)  fibers,  which  achieves  a  record  high  practical
average daytime cooling power  of  710 W·m−2.  The breathable fiber  layer  has an average emissivity  of  over  76% in  the
atmospheric window, while reflecting 90% of visible light. This IREC possesses effective daytime radiative cooling while
simultaneously ensuring evaporative cooling capability, enhancing daytime passive cooling effectively. As a result, IREC
presents the practicability for both personal cooling managements and industrial auxiliary cooling applications. An IREC-
based  patch  can  assist  in  cooling  human  body  by  13  °C  low  for  a  long  term  and  biocompatible  use,  and  IREC  can
maintain the temperature of industrial storage facilities such as oil tanks at room temperature even under strong sunlight
irradiation.  This  work  delivers  the  highest  performance  daytime  passive  cooling  by  simultaneous  infrared  radiation  and
water evaporation, and provides a new perspective for developing highly efficient, scalable, and affordable passive cooling
strategy.
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 1    Introduction
Although  compressor-based  cooling  technology  is  effective  in
achieving  a  reduction  of  object  temperature,  about  10%  of  the
world’s  energy is  consumed in this  way with inconceivable  levels
of pollution of all kinds [1–3]. In addition, the compressor cannot
reduce  the  overall  temperature  from  the  viewpoint  of  the  whole
environment  system.  Instead,  it  consumes  electricity  while
transferring heat, resulting in an increase in the internal energy of
the total environment and further triggering the heat island effect
[1, 2].  Excessive  energy  consumption  and  significant
environmental  damage  make  scientists  concentrate  on  seeking
cleaner and more effective passive cooling methods [4].

Radiation  is  a  heat  transfer  phenomenon  that  occurs  under
arbitrary spatial, temporal, and temperature conditions and is one
of  the  most  important  ways  to  assist  the  earth  in  maintaining  a
relatively  stable  temperature  in  space.  By  effectively  using  the
transparent  atmosphere  window  of  8–13  μm,  objects  on  the
surface  of  about  300  K  can  efficiently  emit  heat  to  outer  space
without  consuming  energy  or  emitting  pollutants  based  on
Planck’s  blackbody  radiation  law.  In  2014,  scientists  proposed  a

selective  emission surface  realized by  a  photonic  crystal  structure
of  quartz/SiC,  and  further  prepared  a  high  infrared  emission
surface  with  low  visible  light  absorption  by  SiO2/HfO2 [5],  and
established a truly all-weather radiative cooling system [6].  In the
following  years,  materials  based  on  photonic  crystals,
metasurfaces, and molecular design have been reported to achieve
selective  atmospheric  window  thermal  radiation  and  excellent
cooling  effect  [7–11].  In  particular,  polymer  materials,  such  as
cellulose,  polyvinylidene  fluoride  [12],  polyethylene  [13],
polyethylene  oxide  [14],  polydimethylsiloxane  [15],  poly(methyl
methacrylate)  [16],  etc.,  have  attracted  a  large  number  of
researchers’ attention  due  to  their  inherent  infrared  selective
emission,  which  can  achieve  large  area  daytime  passive  radiative
cooling at low cost by simple microstructural adjustments.

However,  as  predicted  by  Planck’s  blackbody  radiation  law
[17–19],  the  theoretical  net  radiative  cooling  power  of  an  object
with  a  temperature  of  about  300  K  cannot  surpass  150  W·m−2.
Although  some  work  has  proposed  combining  radiative  cooling
materials  with  hygroscopic  materials  that  absorb  surrounding
water  at  night  to  augment  daytime  heat  dissipation  [20, 21],  no
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substantial  progress  has  been  seen  with  only  about  100  W·m−2

improvements  in  cooling  power  at  ambient  temperature.
Moreover, the cooling mode based on absorption and desorption
limits the application environment and is severely restricted by the
water vapor diffusion process after scaling up. As a result, radiative
cooling  materials  are  still  not  able  to  meet  the  cooling  needs  in
practical applications.

Here,  we  propose  a  novel  concept  of  integrated  radiative  and
evaporative  cooling  technology  of  simultaneous  passive  heat
dissipation  through  infrared  radiation  and  persistent  water
evaporation, which achieves uninterrupted cooling and breaks the
power  limit  of  daytime  passive  cooling  (Fig. 1(a))  [22–27].  An
integrated  radiative  and  evaporative  chiller  (IREC)  is  fabricated
and  achieves  a  record-high  net  cooling  power  of  more  than
710 W·m−2 during daytime. In addition, the continuous water flow
is  sufficiently  robust  to  support  long  periods  of  outdoor  passive
cooling. Water as a work mass carries the cold energy, providing a
broader prospect of cooling applications.

For the radiative and evaporative cooling system (Fig. 1(b)), the
net cooling power Pcooling can be defined as

Pcooling = Pevap +Prad −Patm −Psolar (1)

where Pevap is  the  evaporative  cooling  power, Prad is  the  radiative
power  on  the  surface, Patm is  the  total  power  gained  from  the
atmosphere  in  the  form  of  heat  convection,  heat  radiation,  and
heat transfer, and Psolar is the power gained from solar irradiation,
respectively.  IREC  is  fabricated  based  on  porous  polyacrylamide
(PAM) hydrogels covered with breathable poly(vinylidene fluoride-
co-trifluoroethylene)  (P(VDF-TrFE))  fibers  (Fig. 1(c)).  By
introducing  the  reflective  layer, Psolar is  effectively  reduced  while
Prad is increased. Fibers with a diameter close to the wavelength of
visible light provide a visible light reflectivity of more than 90% at
a  much  wider  incident  angle  range  of  −85°  to  +85°,  and  an

excellent  emissivity  of  more  than  76%  under  an  atmospheric
window.  The  intrinsic  sunlight  absorption  by  the  water  used  for
evaporative  cooling  is  avoided  based  on  a  reasonable  pro-
hydrophobic design of the radiative cooling layer. As a result, the
composite  hydrogel,  which  effectively  reduces  the  energy  input
from  sunlight  and  improves  the  net  cooling  power  during  the
daytime without decreasing the evaporation rate, can be applied as
the  IREC.  In  addition,  forced  fluid  heat  transfer  is  applied  to
capture  cold  energy  more  efficiently  owing  to  the  water
permeability  of  porous  hydrogels.  This  unique  integrated  design
effectively  increases  passive  cooling  power  during  the  day  and
offers a potential active cooling mode, significantly broadening the
scope of applications for this technique.

 2    Experimental section

 2.1    Materials
P(VDF-TrFE)  powder  (70  mol.%/30  mol.%, Mw =  1.5  ×  104,
Piezotech,  France),  polyacrylonitrile  (PAN)  powder  (Mw =  1.5  ×
104, Innochem), dimethylformamide (DMF) (Innochem), acetone,
(Beijing  Tongguang  fine  chemicals  company),  acrylic  amide
(Greagent),  N,N’-methylenebisacrylamide  (MBAA)  (Adamas),
tetramethylethylenediamine  (TEMED)  (Macklin),  ammonium
persulphate  (APS)  (Macklin),  3-(trimethoxysilyl)propyl
methacrylate  (TMSPMA)  (Alfa).  Anti-fever  patches  were  bought
from  Kobayashi  Pharmaceutical  Co.  Ltd.,  Sunflower
Pharmaceutical Co. Ltd., and Kokubo & Co., Ltd.

 2.2    Preparation  of  P(VDF-TrFE)-PAN  nanofiber
nonwovens
P(VDF-TrFE)  powder  was  dissolved  in  a  mixture  of  DMF  and
acetone  (3:2,  mass  ratio)  at  60  °C  to  prepare  the  P(VDF-TrFE)

  (a) (b)

(c)

Figure 1    Schematic of the integrated radiative and evaporative cooling system. (a) Net cooling power range for evaporative cooling systems, radiative cooling systems,
and integrated radiative and evaporative cooling system during the daytime. (b) Energy balance applied to the radiative and evaporative cooling system (dashed line).
When the sample is in equilibrium, the net flux is zero and determined by the two outgoing fluxes from the emission of the sample (Prad) and the evaporation (Pevap),
and the three incoming fluxes from the total power gained from the atmosphere (Patm), input solar energy (Psolar) and the net cooling power (Pcooling). (c) Functional
structure  of  the  hydrogel  for  IREC.  The  composite  hydrogel  is  polymerized  at  sub-zero  temperature  to  obtain  a  porous  water  transfer  channel  with  a  permeable
reflective fiber layer modified on the surface. Through the evaporation of water, radiation of fibers and reflection of visible light, IREC can effectively cool the free water
flowing in the hydrogel during the day.
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solution (10%, mass ratio). PAN powder was dissolved in DMF at
100  °C  to  prepare  the  PAN  solution  (10%,  mass  ratio).  After
dissolved,  and  stirred  for  12  h,  the  polymer  was  completely
dispersed in the solvent. The electrospinning of the two solutions
used the same experimental parameters as follows: voltage 20 kV,
receiving  distance  20  cm,  propulsion  speed  1.4  mL·h−1,  needle
inner  diameter  0.4  mm  (#22G),  receiver  speed  100  r·min−1.  The
obtained nonwovens were then dried in a vacuum oven at 60 °C
for 5 h.

 2.3    Preparation of porous PAM hydrogel
The  mass  ratio  of  monomer  Acrylamide  (AM)  and  crosslinker
MBAA was 10:1. APS and TEMED were initiators, accounting for
0.83 wt.% of the polymer precursor, respectively. In this work, we
used a 4% precursor solution to prepare PAM hydrogel. Typically,
10 g AM, 1 g MBAA, and 0.09 g TEMED were dissolved in 11 g
deionized  (DI)  water  to  prepare  a  50%  concentration  precursor
solution. Then, 8 g of this solution was diluted to 100 g DI water
and  then  was  refrigerated  to  4  °C.  After  adding  330  μL  of  APS
solution (10%), the mixed solution was quickly transferred to the
mold and reacted at −11 °C for 12 h.  Subsequently,  the prepared
frozen  hydrogel  was  slowly  thawed  in  ethanol.  Finally,  the
hydrogel  was soaked in DI water  12 h for  three times to remove
possible residual monomers.

 2.4    Preparation of IREC
It is similar to the method of preparing PAM hydrogel, except that
the  precursor  solution  was  transferred  to  the  PAN  layer  of  the
nonwovens obtained by electrospinning.

 2.5    Fabrication of IREC adhesive tape
An  example  of  making  IREC  on  aluminum  tape.  The
experimental  parameters  were  referred  to  previous  studies  [28,
29]. After the aluminum tape was cleaned and dried by ethanol, it
was  treated  under  plasma  for  5  min  to  make  the  surface  with
oxygen-containing  functional  groups.  Subsequently,  the
aluminum  surface  was  treated  with  a  1%  TMSPMA  aqueous
solution for 1 h, and then washed with ethanol and DI water three
times  and  then  dried.  A  homemade  mold  is  used,  a  non-woven
fabric  and  aluminum  tape  were  clamped  on  the  front  and  back
sides of the container. Then, the precursor solution was added in
and  contacted  with  both  surfaces  at  the  same  time,  followed  by
polymerization at −11 °C.

 2.6    Characterization and measurements
The  morphological  structures  were  characterized  by  scanning
electron  microscopy  (Gemini  300).  Thermogravimetric  analysis
was  performed  by  using  a  thermogravimetric  analyzer
(TGA/DSC,  STA449F3)  under  air,  and  the  heating  rate  was
10  K·min−1.  The  temperature  was  measured  by  thermocouples
with  multi-channel  temperature  tester  (AT-4516).  The  optical
transmittance and reflectance spectra of the IREC were measured
on a varian ultraviolet–visible (UV–vis) spectrophotometer (Cary
7000)  with  an Agilent  integrating sphere.  The infrared emissivity
was  measured  by  an  infrared  microscope  (Bruker).  The  solar
intensity  was  measured  by  a  reference  cell  and  meter  (91150V,
Newport).  The  outdoor  solar  flux  was  measured  through  a
pyranometor  (RS-RA-N01-AL,  Shandong  Renke  Control
Technology  Co.,  Ltd.).  The  thermostat  was  custom  made  at
Anthone  Electronice  Co.,  Ltd.  The  power  of  the  heater  was
recorded by means of  an electric  power meter (PM9800,  Napui).

All  weights  were  measured  by  analytical  balance  (METTLER
TOLEDO ME104E).

 2.7    Radiative  and  evaporative  cooling  performance
experiment
In  the  homemade  10  cm  ×  10  cm  mold,  the  water  flow  was
realized  through  the  silicone  tube  connected  to  the  peristaltic
pump.  The  outside  of  the  mold  was  insulated  with  2  cm  thick
thermal  insulation  foam,  which  had  an  aluminum  foil  cover  to
reduce  the  influence  of  light.  The  silicone  tube  with  an  inner
diameter  of  5  mm  was  also  wrapped  by  an  insulating  cloth  to
reduce  possible  heat  effects.  Thermocouples  were  inserted  in  the
water input and output to measure the temperature change of the
water  body  in  real-time.  The  solar  simulator  was  adjusted  to  the
light intensity of 1000 W·m−2. Then, a shading plate was applied to
control  the  irradiation  area  equal  to  the  container  area.  Finally,
IREC was directly placed in the mold with the water flow start.

The  experimental  process  in  outdoor  environment  is  basically
the same. The raw water used was sealed and placed in the air to
make its  temperature  close  to  the  air  temperature.  The solar  flux
was measured by a pyranometor and its value corresponded to the
Global Horizontal Irradiance.

 2.8    Static radiative and evaporative cooling performance
experiment
A 10  cm × 10  cm electric  heating  sheet  with  a  heating  power  of
10  W  (1000  W·m−2)  was  placed  on  the  insulation  layer  and
connected  to  the  copper  sheet  through  heat-conductive  silicone,
and  thermocouples  were  soldered  to  the  copper  sheet.
Subsequently, the wetted IREC was placed on the copper sheet. A
negative  feedback  thermostat  adjusted  the  heating  process  of  the
heater  by  monitoring  the  air  temperature  to  equal  the  measured
IREC temperature to the air temperature. The output power of the
electric heater was recorded using an electric power meter.

 2.9    Experiment  of  IREC  preventing  the  container  from
insolation heating up
In a 10 cm × 10 cm × 5 cm stainless steel square box, 300 mL of
ethylene  glycol  was  added  as  the  liquid  to  be  measured.  Various
materials  were  employed  to  decorate  the  top  cover  of  the
container,  such  as  directly  pasting  the  IREC  tape  on  the  upper
surface.  Subsequently,  the  container  was  placed  under  the  solar
simulator, and the irradiated area was controlled to be equal to the
area of the container through a shading plate. The temperature of
the oil was measured in real-time by a thermocouple.

 2.10    The simulated auxiliary cooling test of dry IREC
A  2.8  cm  ×  5  cm  electric  heater  was  set  up  as  a  heat  source  to
simulate the heating of  the human body.  The heating power was
adjusted to 450 W·m−2 through the direction current (DC) power
supply (2 V, 0.31 A). At this time, the surface temperature of the
electric heating plate was stably maintained at 37.5 °C. IREC was
placed directly on the electric heating plate, and a peristaltic pump
was  used  to  feed  water  to  simulate  the  outflow  of  sweat.  A
thermocouple was used to measure the temperature of the electric
heating plate in real-time.

 2.11    The simulated auxiliary cooling test of IREC
A  2.8  cm  ×  5  cm  electric  heater  was  used  as  a  heat  source  to
simulate the heating of  the human body.  The heating power was
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adjusted  to  450  W·m−2 through  the  DC  power  supply  (2  V,
0.31 A). IREC was pre-soaked in water and then placed directly on
the  electric  heating  plate.  When  the  temperature  of  the  electric
heating plate was higher than 35 °C, it was considered that all the
water in the IREC had evaporated. Then the IREC was taken out,
and the experiment was repeated again after IREC was soaked in
water  for  10  minutes.  The  IREC  was  placed  on  the  human  skin
surface in a similar way and a thermocouple was used to measure
the skin surface temperature. Written informed consent had been
collected from all participants who using IREC.

 3    Results and discussion

 3.1    Design principle and fabrication of IREC
The  IREC  is  prepared  in  a  large  scale  by  a  roll-to-roll
electrospinning  process  and  a  solution  gel  method  (Fig. 2(a)).  In
order  to  ensure  a  good  combination  of  the  hydrogel  and  the
nonwovens,  P(VDF-TrFE)  and  PAN  are  first  used  to  form  a
heterogeneous  film by  electrostatic  spinning  (Fig. 2(b)).  Scanning
electron  microscope  (SEM)  images  show  the  uniform
entanglement of the two kinds of fibers into a film (Figs. 2(b) and
2(c)). The mapping images of F and N elements from the energy
dispersive  spectrometer  (EDS)  show  the  distribution  of  P(VDF-

TrFE) and PAN (Fig. 2(d)). The upper layer of P(VDF-TrFE) has
a  134°  contact  angle  of  hydrophobicity,  while  the  lower  layer  of
PAN can absorb all the droplets through capillary force (Figs. 2(e)
and 2(f)). Therefore, the precursor solution of the hydrogel can be
filled into the PAN layer and part of the P(VDF-TrFE) layer from
the  PAN  side  to  obtain  good  interfacial  bonding.  After
optimization, the thickness of P(VDF-TrFE) is about 200 μm and
the  thickness  of  PAN  is  about  100  μm  in  the  composite
nonwoven. The increase of P(VDF-TrFE) layer thickness will lead
to  the  decrease  of  air  permeability.  The  whiteness  of  the  surface
features  a  strong  scattering  of  visible  light,  which  is  attributed  to
the  multilayer  structure  of  randomly  stacked  nanofibers  with  a
wide  distribution  of  diameters  and  sizes  (centered  at  ~  527  nm,
Fig. 2(g)).  By  inducing  the  formation  of  ice  crystals  in  the
precursor  solution  during  low-temperature  polymerization  (see
details  in  methods),  a  hydrogel  structure  with  inter-perforation
can be obtained, and the pore diameter is about 50–200 μm (Fig.
2(h)).  The enlarged SEM image shows the  structure  of  the  fibers
interspersed in the polymer, which further confirms a strong bond
between the  hydrogel  and the  nonwovens  (Fig. 2(i)).  Besides,  the
wettability gradient of the heterogeneous film leads to the filling of
PAM in part of P(VDF-TrFE), resulting in a thickness thinning of
the  exposed  fiber  layer  (Fig. S1  in  the  in  the  Electronic
Supplementary Material  (ESM)).  This design makes it  impossible

  (a)

(b) (c) (d) (e) (f)

(g) (h) (i)

Figure 2    Structural characterization of IREC. (a) The photo of IREC with a size of 30 cm × 80 cm. (b) Sectional SEM image of the heterogeneous P(VDF-TrFE)/PAN
nonwovens. (c) SEM images of the P(VDF-TrFE) fiber and PAN fiber, respectively. (d) EDS images of sectional nonwovens with corresponding elemental mapping
images  of  F,  and  N,  respectively.  F  element  and  N  element  are  the  characteristic  element  of  P(VDF-TrFE)  and  PAN,  respectively.  (e)  P(VDF-TrFE)  nonwovens
exhibited  a  water  contact  angle  of  134°,  while  PAN  nonwovens  can  absorb  droplets  into  the  membrane.  (f)  Photographs  of  dyed  droplets  on  the  surface  of
polyvinylidene fluoride (PVDF) and PAN fibers. (g) The histogram of the statistical distribution of P(VDF-TrFE) fiber diameter, and the fiber diameter is 527 ± 65 nm.
(h) SEM image of porous channels in PAM hydrogel. (i) SEM image of PAM filled in fiber layer. PAM selectively fills in the hydrophilic side of the P(VDF-TrFE)/PAN
nonwovens.
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for  water  to  pass  through  the  fiber  layer  as  a  liquid  at  normal
pressure, but only as a gas (Fig. S2 in the ESM). AM is selected as
the  monomer,  and  the  freezing  point  of  AM  solution  with
different  concentrations  is  measured  by  differential  scanning
calorimetry  test  (Fig. S3  in  the  ESM).  As  the  temperature  of  AM
solution decreased,  two crystallization behaviors  appeared,  which
represented  the  formation of  ice  crystals  and the  solidification of
the  mixed-phase,  respectively  (Fig. S4  in  the  ESM).  By  adjusting
the concentration of AM solution, the porosity of PAM hydrogel
can  be  continuously  adjusted  (Fig. S5  in  the  ESM).  AM  solution
with  a  mass  fraction  of  4%  is  chosen,  and  the  corresponding
porosity of  PAM is  85%. This  porous hydrogel  structure can not
only  quickly  discharge  the  free  water  in  the  pores  during
squeezing (Figs.  S6 and S7 in the ESM), but also has a fast  water
transport  ability  (Fig. S8  in  the  ESM).  The  good  water
transportability design in IREC lays the foundation for continuous
water cooling and reuse.

 3.2    Radiative  and  evaporative  cooling  performance  of
IREC
As  predicted  by  Mie’s  theory  [30, 31],  the  surface  of  IREC  has  a
strong  scattering  effect  on  visible  light,  with  a  statistical  average
reflectance  of  over  90%  in  the  500–2000  nm  range  (Fig. 3(a)).
Meanwhile, since there are only C–C, C–H, and C–F vibrations in
the P(VDF-TrFE), the surface of IREC exhibits desirable selective
infrared  emission,  with  an  emissivity  of  76%  on  average  in  the
atmospheric window (Fig. 3(b)). Strong scattering of visible light is
observed due to the size of the fibers is  comparable to the visible
wavelength. And as a result, IREC maintains a reflectivity of up to
90% even at a wide incident angle range of ±85° (Fig. 3(c) and Fig.
S9 in  the  ESM),  ideal  for  all-day and all-region radiative  cooling.
The cooling ability of IREC is further analyzed through the indoor
water  evaporation  performance  [32, 33].  In  the  absence  of  light,
the water evaporation rate (WER) of IREC is about 0.46 kg·m−2·h−1,
which is close to the WER of PAM hydrogel of 0.49 kg·m−2·h−1 and
twice  as  high  as  that  of  bulk  water,  indicating  that  the  porous
PAM  hydrogel  can  accelerate  the  natural  evaporation  of  water
(Fig. 3(d)). The addition of the P(VDF-TrFE)/PAN nonwovens do
not  hinder  the  transmission  of  vapour,  which  is  relevant  to  its

actual  covering  thickness  of  10  μm.  Under  1  sun  irradiation
(1  kW·m−2),  the  WER  of  both  the  bulk  water  and  the  hydrogel
increased  significantly,  reaching  0.56  and  1.13  kg·m−2·h−1

respectively.  However,  the  WER  of  IREC  increased  only  slightly,
from  0.46  to  0.58  kg·m−2·h−1,  indicating  that  IREC  successfully
scattered  most  of  the  incident  light  (Fig. 3(e)).  It  is  worth  noting
that  since  both  bulk  water  and  hydrogel  are  visible  light
permeable,  the  bottom  light  absorption  capability  significantly
affects the evaporation rate, and thus a black underlayer is chosen
(Fig. S10 in the  ESM).  While  the  evaporation rate  of  the  IREC is
independent  of  the  chosen  substrate.  The  source  of  energy
consumed for evaporation is related to the light intensity and the
temperature  of  sample  (Note  S1  in  the  ESM).  By  measuring  the
sample  temperature  and  the  water  evaporation  rate  (Fig. S11  in
the  ESM),  the  source  of  energy  consumed  by  water  evaporation
can be determined [34–37]. Compared to the evaporation process
of  water  and  PAM  hydrogel,  IREC  reflects  more  incident  light,
and about 69.2% of the heat consumed in the evaporation process
is gained from the environment under 1 sun irradiation (Fig. 3(f)).
This  further  implies  that  IREC is  selectively  dedicated  to  cooling
the environment with evaporation.

Simulated  light  experiments  verified  this  strong  cooling  ability
of IREC under light. A set of adiabatic device systems based on a
solar simulator that can flow water has been first established (Fig.
S12  in  the  ESM).  The  container  with  IREC  is  wrapped  by
insulation  foam,  and  the  area  available  for  water  flow  and
evaporation is 10 cm × 10 cm. A peristaltic pump is used to adjust
the  flow  rate  of  water  in  IREC.  A  thermocouple  is  placed  at  the
inlet and outlet to detect the water temperature. The light intensity
of the solar simulator in the experiment is 1 kW·m−2. As the water
body  evaporates  continuously  in  IREC,  the  low  heat  transfer
coefficient  causes  the  water  body  temperature  to  decrease
continuously, and the outlet water temperature can be reduced by
up  to  7  °C  with  a  temperature  drop  gradient  of  more  than
0.7 °C·cm−1 under room temperature. In contrast, the temperature
is  almost  no  change  when  only  using  hydrogel  system  and  will
increase  when  only  based  on  bulk  water.  This  result  further
confirms the rationality of introducing the reflective nonwovens in
IREC.

 

(a) (b) (c)

(d) (e) (f)

Figure 3    Characterization of the spectral properties and evaporation performance of IREC. (a) Spectral UV–vis–near-infrared reflectance of IREC presented against
the  AM1.5  solar  spectra.  (b)  Spectral  infrared  emittance  of  IREC  presented  against  the  atmospheric  transparency  window.  (c)  Polar  distribution  of  the  average
reflectance across the visible light of the IREC at different incident angles (θ) from 0° to 90°. (d) The mass change of bulk water, PAM hydrogel, and IREC under dark
conditions. (e) The mass change of bulk water, PAM hydrogel, and IREC under 1 sun irradiation. (f) The ratio of energy consumed from the environment by bulk
water, PAM hydrogel, and IREC when evaporated under different solar flux, respectively.
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An  outdoor  cooling  performance  measurement  system  was
further  established  to  measure  the  cooling  power  of  IREC under
static  evaporation  (Fig. 4(a)).  A  negative  feedback  heating  system
makes  the  temperature  of  the  IREC  equal  to  the  atmospheric
temperature  and  thus  calculates  the  cooling  power  of  the  IREC
(Fig. 4(b)). Without the heating system enabled, IREC produced a
maximum  temperature  difference  of  14  and  7  °C  from  the  air
ambient during the day with a solar flux of 700 W·m−2 and night
with  no  solar  irradiance,  respectively  (Fig. 4(c)).  The  static
radiative  and  evaporating  cooling  effect  test  was  conducted
outdoors  in  Beijing  on July  8,  2022.  A heating  system detects  air
temperature changes in real time and heats the IREC to the same
temperature  as  the  air  (Fig. 4(d)).  The  average  cooling  power
during  the  day  is  about  710  W·m−2 (Fig. 4(e)),  which  has  never
been achieved as far as we know for passive daytime cooling. Even
under  cloudy  conditions  with  a  low  solar  flux,  the  average  net
cooling  power  outdoors  can  still  be  300–500  W·m−2 (Fig. S13  in
the  ESM).  The  drop  in  performance  comes  from  the  fact  that
radiation is hindered by clouds and evaporation is inhibited under
high humidity. We also compared the individual cooling effect of
radiative  cooling,  evaporative  cooling  with  IREC  (Fig. S14  in  the
ESM). The single use of radiative cooling and evaporative cooling
power is about 65 and 200 W·m−2 respectively, while the integrated
radiative  and  evaporative  cooling  power  up  to  650  W·m−2.  The
cooling power of IREC is much greater than the sum of radiative
and  evaporative  cooling  power  used  separately.  This  enhanced

cooling effect stems from the effective solar energy shielding of the
radiative  cooling  layer,  further  validating  the  rationality  of  our
design. IREC was further applied to cool the flowing water body to
characterize  its  cooling  capacity  in  practical  cooling  applications
(Fig. 4(f)).  The outdoor flow cooling tests demonstrated the great
potential  of  IREC  for  working  mass  cooling  (Fig. 4(g)).  By
measuring the flow rate and temperature change of the water, the
cooling  power Pcooling that  IREC  actually  cools  the  water  can  be
easily calculated by Eq. (2)

Pcooling = (T1−T2)VS (2)

where T1 and T2 are  the  temperature  of  input  and output  water,
respectively, V is  the  flow rate  of  water  and S is  the  specific  heat
capacity  of  water.  The  temperature  drop  of  the  water  can  be
changed  by  adjusting  the  variation  of  the  flow  rate  [38],  thus
giving  the  optimum  actual  cooling  power  (Fig. S15  in  the  ESM).
Raising  the  flow  rate  makes  the  temperature  difference  decrease,
which  helps  to  reduce  the  heat  exchange  with  the  environment,
leading  to  an  increase  in  net  cooling  power.  This  process  was
modeled  and  analyzed  using  COMSOL  [39, 40]  to  confirm  the
mechanism  that  flow  rate  affects  internal  heat  transfer  and
external  heat  loss  (Fig. S16  and  Note  S2  in  the  ESM).  Detailed
temperature measurements of  multiple  locations inside the IREC
were  detected  through  thermocouples,  and  the  temperature
change process was essentially the same as the simulation (Fig. S17
in the ESM). When using an optimal flow rate of 1.5 L·m−2·min−1,

 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

Figure 4    Radiative  and  evaporative  cooling  performance  of  IREC  in  outdoor  environments.  (a)  Schematic  diagram  of  IREC  static  cooling  power  measurement
system.  (b)  Photo  of  IREC  static  cooling  power  measurement  system.  (c)  Solar  flux,  temperatures  of  the  air  and  IREC  without  the  use  of  a  heating  system.  The
experiment  run in  Beijing  from May 16  to  17,  2022.  (d)  Red curve  is  the  temperature  of  IREC with  thermal  compensation.  The  gray  background curve  is  the  air
temperature. (e) Real-time solar flux and equivalent cooling power during testing. The average cooling power is 710 W·m−2. Wind speed and humidity are marked in
the figure. The outdoor experiment was carried out on July 8, 2022 in Beijing. (f) Schematic diagram of IREC cooling power measurement system under water flow. (g)
Photo of  the cooling power measurement system with water flow applied by pump. (h) Real-time solar  flux and ambient temperature during testing.  The outdoor
experiment  was  carried  out  on  July  7,  2022  in  Beijing.  (i)  Temperature  at  the  inlet  and  outlet.  Inlet  water  temperatures  are  controlled  to  be  close  to  ambient  air
temperature. (j) The temperature difference between inlet and outlet and the calculated cooling power. (k) Comparison of the passive cooling power of various passive
cooling methods under different solar flux.
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the  inlet  and  outlet  maintain  a  temperature  difference  of  6.0  °C
and the net cooling power can reach 630 W·m−2 (Figs. 4(h)–4(j)).
The  sharp  temperature  fluctuations  in  the  data  are  caused  by
sudden gusts. We have avoided this effect in the calculation of the
average  cooling  power.  Our  experiments  have  shown  that  the
actual  cooling  capacity  of  IREC  can  reach  350–630  W·m−2,
depending  on  environmental  fluctuations  (Fig. S15  in  the  ESM).
The high cooling power capacity  makes the energy consumption
of  the  pumping  system  (<  10  W·m−2)  negligible.  Compared  with
the  report  of  the  passive  cooling  system,  the  IREC we developed
here  has  made  a  significant  breakthrough  in  passive  cooling
performance [5, 7–9, 12, 14, 22–25, 41] (Fig. 4(k)).

 3.3    Application of IREC
IREC  can  be  directly  employed  to  assist  the  human  body  to
quickly  dissipate  heat  and  cool  down,  imitating  the  way  the
human body  sweats  to  cool  (Figs.  5(a) and 5(b)).  We first  tested
the cooling effect of IREC in the dry state under different amounts
of sweat. A heating plate with a constant temperature of 37.5 °C is
used to simulate the surface of the human body [42–44], and the

power density is about 450 W·m−2. A peristaltic pump is deployed
for water supply to simulate the secretion of sweat. The amount of
human  sweat  fluctuates  greatly  according  to  different  parts  and
health  status,  and  can  exceed  1000  g·m−2·h−1 in  the  most  intense
exercise [45–47]. IREC can quickly absorb sweat and evaporate in
situ, resulting in a significant cooling effect on the contact surface
(Fig. 5(c)),  which proves that IREC can assist the human body in
perspiration  and  heat  dissipation.  In  addition,  for  non-exercise
human fever, IREC in the wet state can assist in cooling the heat-
producing  parts  of  the  human  body  for  a  long  time  after  actual
testing on human skin. Both the cooling effect and service time are
better than that of commercial anti-fever patches (Fig. 5(d)). After
the water in IREC has evaporated, IREC can be soaked in water to
recover for reuse (Fig. 5(e)). Besides, IREC has excellent properties
of rollable, foldable, and twistable and is easy to apply on human
skin (Fig. 5(f)). The flexibility of the IREC allows for washing and
wiping  under  a  stream  of  water  and  even  under  mechanical
stirring (Videos S1 and S2 in the ESM). And the reflectivity of the
surface does not change after thirty times of washing (Fig. S18 in
the  ESM).  Compared  with  a  variety  of  commercial  anti-fever

 

Figure 5    Application of IREC in assisting human body cooling. (a) Schematic diagram of the human body cooling demand. (b) Photo of human skin surface using
IREC to dissipate heat. (c) The simulated skin temperature with and without IREC under different sweating rates. (d) The simulated skin temperature with IREC and
commercial anti-fever pastes of different brands. (e) Photos of dried IREC and the restored IREC after submersion in water.  (f)  Photos of IREC show that IREC is
rollable, foldable, and twistable. (g) The continuous auxiliary heat dissipation test of IREC. IREC is put in the water for 10 min when dried and then continued the test.
(h) A cyclical test using IREC to cool human skin. The temperature is measured every 3 h in daytime, and the IREC are soaked in water for 10 min every 12 h. (i)
Photos of the skin before and after 12 h of continuous daily use of IREC for 10 days.
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patches, IREC has a continuous operating time of more than 12 h,
and  can  be  reused  more  than  ten  times  (Fig. 5(g)).  Further
continuous use on human arm skin showed that IREC maintained
good  cooling  performance  even  after  10  days  of  cycling,
demonstrating stability for long-term application (Fig. 5(h)). Since
only water is involved as the cooling agent, no irritation to human
skin  is  observed  (Fig. 5(i)).  Based  on  the  high  outdoor  cooling
power and excellent indoor cooling effect, IREC is expected to be
applied for efficient human cooling in outdoor conditions.

To further prove the strong compatibility and wide usability of
IREC, a homemade mold is used to prepare IREC on metal-based
adhesive  tape.  By  modifying  3-(trimethoxysilyl)propyl
methacrylate  on  the  surface  of  metal  foil  such  as  aluminum,  the
hydrogel  layer  of  IREC can be  firmly  bonded to  the  metal-based
adhesive  tape  through  covalent  cross-linking  [28, 29]  (Fig.

6(a)–6(c)).  This  aluminum  tape  with  an  integrated  radiative  and
evaporative  cooling  function  can  be  applied  to  the  surface  of
various  oblique  angles.  This  tape  can  be  attached  to  common
substrates  such  as  glass,  polyethylene  terephthalate,  aluminum
sheet,  and  wood  sheet.  The  corresponding  infrared  photos  show
the excellent cooling ability of IREC (Fig. 6(d)). Goods in outdoor
transportation  and  storage  often  require  refrigeration  to  prevent
deterioration or damage from heating up in the sun. For example,
the storage facilities of oil  tanks,  etc.,  are usually built-in white to
prevent stored fuel from being heated to high temperatures by the
sun  [48–50]  (Figs.  S19(a)  and  S19(b)  in  the  ESM).  A  container
from stainless steel  is  designed to simulate such storage tanks for
petroleum, and IREC and different reflective materials are applied
to  prevent  the  fuel  in  the  container  from  heating  up  in  the
sunlight. Ethylene glycol is chosen as the measured liquid because

  (a)

(b) (c)

(d)

(e) (f)

Figure 6    Manufacture  and  cooling  application  of  IREC  metal-based  adhesive  tape.  (a)  Schematic  diagram  of  the  manufacturing  process  of  IREC  metal-based
adhesive  tapes.  By  covalently  modifying  TMSPMA on the  surface  of  the  metal  tape,  cross-linking  points  can  be  formed with  the  hydrogel  network.  (b)  Schematic
diagram of using a homemade mold where the nonwovens and metal tape can be clamped on both sides. (c) The photo of a flexible IREC aluminum tape with a size
of 10 cm × 10 cm. (d) The photos and the corresponding infrared photos of the IREC aluminum tape pasted on glass, polyethylene terephthalate (PET), aluminum
sheet, and wood sheet, respectively. The ambient temperature is 25 °C. (e) Data of solar flux and air temperature during outdoor cooling test. The outdoor experiment
was carried out on July 14, 2022 in Beijing. Illustration shows the cooling effect test system for IREC metal-based adhesive tape. (f) Temperature of ethylene glycol in
stainless steel containers with and without IREC protection. Wind speed and humidity are marked in the figure.
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its  specific  heat  capacity  is  similar  to  that  of  fuel.  Three  light
intensity  conditions  of  700,  1000,  and  1300  W·m−2 are  used  to
simulate  different  weather  conditions  in  outdoor  environments.
Under  irradiation  of  1300  W·m−2 like  a  hot  summer  day,  the  oil
temperature would rise to 43.4 °C after 2 h without any reflective
coating  (Figs.  S19(c)  and  S19(d)  in  the  ESM).  A  single  reflective
coating normally employed can reduce the effect of some incident
light.  The  best  results  are  obtained  with  a  porous  P(VDF-TrFE)
non-woven  coating,  but  the  oil  temperature  still  rises  to  31.6  °C.
After attaching the IREC aluminum tape to the top stainless steel
cover, the temperature of the fuel in the container is maintained at
25  °C,  with  almost  no  temperature  rises.  Further  long-term  tests
prove that IREC can be operated continuously for more than 16 h
and is easily regenerated (Fig. S20 in the ESM), which is sufficient
for  prolonged  daytime  use.  Compared  with  other  reflective
coatings, the IREC cover not only avoids the temperature increase
in  the  container  under  strong  light,  but  even  has  the  effect  of
reducing  the  oil  by  0.7  °C  under  low  solar  flux  of  700  W·m−2.
Further  verification  of  the  cooling  effect  of  IREC  on  the  stored
items in containers in an outdoor environment was carried out on
July 14, 2022, Beijing (Fig. 6(e)). The solar flux ranges from 600 to
700 W·m−2, while the air temperature ranges from 35 to 42 °C. The
temperature of ethylene glycol in a stainless steel container rises to
over 45 °C (Fig. 6(f)). In contrast, the temperature of the ethylene
glycol  with  IREC  cooling  was  significantly  lower  to  36  °C  and
lower  than  the  air  temperature.  In  comparison,  the  use  of  IREC
can  reduce  more  than  9  °C  for  outdoor  storage  items,  showing
great potential in practical cooling applications.

 4    Conclusion
An  applicable  integrated  radiative  and  evaporative  cooling
technology  has  been  proposed  and  developed.  Highly  efficient
daytime  passive  cooling  is  achieved  through  the  cooperation
between  strong  radiation  with  visible  light  reflection  and in situ
evaporation cooling. A record-high cooling power of 710 W·m−2 is
realized,  and the outdoor cooling power with water body storage
reaches 630 W·m−2. Further, IREC offers a wealth of utility in both
personal  cooling  management  and  industrial  assisted  cooling
applications.  The  IREC-based  cooling  patch  can  assist  in  cooling
human body by 13 °C for more than 12 h. It can also maintain the
temperature  of  industrial  storage  facilities  such  as  oil  tanks  at
room temperature  under  strong sunlight,  preventing  goods  from
deteriorating under the influence of high temperatures. This work
makes  a  breakthrough  over  daytime  passive  cooling  limit  by
combining  radiative  and  evaporative  cooling,  which  provides  a
feasible  solution  for  facile,  scalable,  and  affordable  long-term
efficient passive cooling.
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