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Recent Progress in Light-Scattering Porous Polymers and
Their Applications

Shudong Yu,* Junchi Chen, Guillaume Gomard, Hendrik Hölscher, and Uli Lemmer*

Conventional inorganic-nanoparticles-based scattering systems have
dominated many practical applications for years. In contrast, the rise of
porous polymers is perceived as a game-changer due to their low cost, facile
preparation, and great abundance. One challenging issue to be tackled is the
design and fabrication of porous polymers with light-scattering properties
comparable to those of inorganic nanoparticles. Taking inspiration from
nature (e.g., from white beetles Cyphochilus), scientists have achieved
remarkable progress in the field of light-scattering porous polymers and their
related applications in recent years. Therefore, here, an up-to-date review
about this emerging field is provided. This overview covers materials for
making porous polymer structures, detailed fabrication methods, and
applications benefitting from their tailorable light-scattering properties. It is
envisioned that more bioinspired light-scattering porous polymers will be
made to be potential alternatives of conventional nanoparticles-based
scatterers.
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1. Introduction

Light scattering is a ubiquitous optical phe-
nomenon occurring in the systems with re-
fractive index inhomogeneity, such as fog,
milk, and clouds, et al.[1–3] Typically, such
bulk systems contain numerous scattering
particles that can deflect impinging light
to randomize its direction, endowing the
systems with translucency or even opaque-
ness (i.e., whiteness).[4–6] To achieve effi-
cient light-scattering in engineered materi-
als, high refractive index nanoparticles are
usually embedded in low refractive index
matrices (e.g., resin) to create a substan-
tial refractive index contrast. Titanium diox-
ide (TiO2) nanoparticles are the most com-
monly adopted ones since TiO2 features a
relatively high refractive index (n ≈ 2.6) and
little absorption in the visible spectrum.[4]

However, recent research has shown that
TiO2 nanoparticles might harm human health due to pulmonary
inflammation effects and potential toxicity.[7] In addition, doping
nanoparticles into matrixes takes additional costs. Furthermore,
the realization of large areas with homogeneous optical proper-
ties is difficult because potential imperfect mixing is usually in-
evitable. Therefore, seeking alternatives to TiO2 nanoparticles-
based systems is essential and meaningful in terms of optical
performance, environmental and health point-of-view. Recently,
light-scattering porous polymer structures have been revisited
and pursued as alternatives to conventional nanoparticles-based
scattering films, although the refractive indexes of most polymers
are fairly small (n ≈ 1.4–1.6).

Indeed, nature provides numerous brilliant scattering systems
made of biopolymers, serving as excellent inspirations.[3] As
shown in Figure 1, one of the prominent example are the white
beetles of the genus Cyphochilus spp., whose scales have been
regarded as the best scattering biological surface ever found.[8]

The white beetle scale can reflect ≈70% of visible light at a thick-
ness of only ≈7 μm, indicating that its scattering ability exceeds
many artificial scattering systems (e.g., paper, photonic glass).[9]

In terms of optical transport mean free path lt (average distance
travelled by light across the sample before the direction of its
propagation is randomized), its value was measured to be as
low as ≈1.5 μm. Note that the main component of the white
beetle scale is chitin with a low refractive index of about 1.56.
Therefore, it is no surprise that the unique porous fibril struc-
ture of the beetle scale underpins its exceptional scattering abil-
ity. It features evolutionary-optimized fibril diameter, filling frac-
tion, scattering center distance, and a certain degree of anisotropy

Adv. Optical Mater. 2023, 2203134 2203134 (1 of 17) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202203134&domain=pdf&date_stamp=2023-04-09


www.advancedsciencenews.com www.advopticalmat.de

Figure 1. a) Image of white beetle Cyphochilus. b) Scanning electron microscopy (SEM) image of a complete scale. c) Cross-sectional SEM image of a
porous scale. Reproduced with permission.[14] Copyright 2015, The Authors, published by Wiley-VCH.

of porous network at minimum material use.[10–16] It is discov-
ered that diffusely incident light on the beetle scales is prefer-
entially channeled sideways and scattered backward on the av-
erage after traversing a vertical distance corresponding to only
two scattering event.[17] The bioinspired fabrication of artificial
light-scattering porous polymers with remarkable scattering per-
formance has been largely stimulated by this natural prototype.
These porous materials show great potential as alternatives to
replace conventional inorganic nanoparticles.[18] Recently, Utel
et al. have demonstrated that their delicate engineered porous
structure generated by a random walk algorithm possessed a
larger broadband reflectance than the beetle scale at an even less
material use, providing an intriguing and new insight into the
design of light-scattering porous structures.[19] The porous struc-
ture of the white beetles is not optimized for sole light-scattering
properties, but rather results from a trade-off between achieving
whiteness, mechanical robustness etc. In that sense it is not to-
tally unexpected that engineered optical materials can overcome
its lt. This finding is in an agreement with previous publications,
in which researchers succeeded in fabricating artificial porous
polymers with stronger scattering abilities than the white beetle
scale.[20,21]

We note that researchers have become increasingly interested
in the topics related to light-scattering porous polymers and their
relevant applications. On the one hand, an increasing number
of insects and plants with white appearance have been investi-
gated thoroughly, including silver ants,[22] butterflies (e.g., Carys-
toides escalantei, Curetis acuta Moore, Dione vanillae),[23–25] beetles
(e.g., Goliathus goliatus),[26] and plant leaves (e.g., Populus alba,
Boehmeria nivea).[27,28] Recently, it has been demonstrated that
some of the white biological surfaces can reflect solar light ef-
ficiently while radiating mid-infrared emission toward outside
environment simultaneously, realizing effective daytime passive
radiative cooling effects, which might be crucial to the living of
those insects and plants in hot environments.[22,26,28–30] For exam-
ple, the Saharan silver ants, Cataglyphis bombycine, are densely
covered with triangular-shaped hollow hairs on their bodies,
which enable their living in an extremely hot environment with
two thermoregulatory effects (i.e., solar reflection and blackbody
radiation).[22] On the other hand, inspired by the natural white
layers (e.g., Cyphochilus scale), researchers have endeavored to
develop various fabrication methods to mimic the porous struc-
tures of highly scattering white surfaces in nature.[18,31,32] New ap-

plications enabled by those artificial light-scattering porous poly-
mers are also developed. Due to the fast development of light-
scattering porous polymers, we report in this article about the re-
cent progress in this field and give new insights into biomimetic
porous polymers. As shown in Figure 2, this review is outlined as
follows: first, materials for making light-scattering porous poly-
mers are introduced; second, possible fabrication methods are
described; third, relevant application scenarios are presented; at
last, we give some perspectives to motivate more researchers to
be engaged in this rapidly developing research field.

2. Selection of Materials for Making
Light-Scattering Porous Polymers

Two main types of polymers can serve as a basis for produc-
ing light-scattering porous materials: Petroleum-based polymers
and biopolymers. The former polymer material is called “artifi-
cial synthetic polymer,” while the latter is directly derived from
nature. Unlike many inorganic materials, most organic polymers
possess a low refractive index ranging from 1.4 to 1.6, leading to
a moderate scattering efficiency upon introduction of a porous
network.[39] One promising characteristic of numerous poly-
mers is that they possess a low absorption over the visible spec-
trum, which is conducive to making light-scattering porous struc-
tures. Polymers can be amorphous or semi-crystalline, depend-
ing on the molecular alignment. Amorphous polymers are intrin-
sically transparent due to their random distribution of polymer
chains. In contrast, semi-crystalline polymers appear translucent
or opaque, stemming from the light scattering effect caused by
the different refractive index between crystalline and amorphous
regions.[40] To enable the practicality of optical polymers, trans-
parency is usually a prerequisite for many conventional optical
applications, such as optical fibers, optical lenses, and encap-
sulation media, just to name a few. Therefore, the use of opti-
cal polymers for such applications is restricted to some amor-
phous polymers with bulk optical homogeneity, including poly-
methyl methacrylate (PMMA), polyurethane (PU), polycarbonate
(PC), polystyrene (PS), and urethane-acrylate.[41] The raw ma-
terials for making porous polymers cover a wider range since
the intrinsic light-scattering property is not a detrimental factor
in this regime. Therefore, we can see the diversity of materials
used for fabricating porous polymers, which includes, but are not
limited to, poly(vinylidene fluoride) (PVDF), polyethylene (PE),
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Figure 2. Schematic illustration of the structure of this review: Materials, fabrication methods for light-scattering porous polymers, and their optical
and thermal applications. Porous polymer films are used as diffuse reflectors for out-coupling total internally reflected light trapped inside the light-
emitting diodes (LEDs). Reproduced with permission.[33] Copyright 2021, Wiley-VCH. The substrate mode of organic LEDs can be extracted to the free
space by thin-film porous polymers. Reproduced with permission.[34] Copyright 2015, American Chemical Society. By introducing air pores inside the
quantum dot film, the photoluminescence efficiency can be largely enhanced due to the synergistic improvement effects of excitation light absorption
and emission light extraction. Reproduced with permission.[35] Copyright 2019, Wiley-VCH. As an alternative to common metallic reflectors, reflective
porous polymers can be integrated onto the rear side of solar cells, enabling enhancement of power conversion efficiency by recycling transmissive light.
Reproduced with permission.[36] Copyright 2021, The Authors, published by Wiley-VCH. Porous polymers are also excellent candidates applied in the
passive daytime radiative cooling[37] and radiative cooling fabrics.[38] Reproduced with permission.[37] Copyright 2018, American Association for the
Advancement of Science. Reproduced with permission.[38] Copyright 2016, American Association for the Advancement of Science.

polydimethylsiloxane (PDMS). These petroleum-based poly-
mers can be synthesized via selecting different petrochemical
monomers to generate homopolymers or copolymers in a facile
and cost-effective way.[42]

Nevertheless, the lack of biodegradability for petroleum-based
polymers is detrimental to the environment, which calls for
biodegradable alternatives, namely biopolymers. Those typical
biopolymers that can be used for optical applications include, for
example, cellulose and silk. They are typically processed as fib-
rils with nano- and micro-scale dimensions.[32] The cellulose is
composed of glucose units, while the silk is made up of amino
acid units. Both cellulose and silk feature little absorption in the
visible spectrum, which is desired for making light-scattering
porous structures.[18] Cellulose is well known as the main ingre-
dient of paper, with medium whiteness caused by the microscale
dimension of cellulose fibrils.[43] With a size in the nanoscale

range, cellulose nanofibrils can be cast into porous structures
with extreme whiteness.[44] Intriguingly, cellulose nanofibrils can
also be used to fabricated highly transmissive paper either with
large haze or good transparency. This property might enable nu-
merous applications in optoelectronics (e.g., solar cells; organic
LEDs, OLEDs) for advanced light management.[45–49] Native silk
fibers are intrinsically arranged into delicate porous structures
with brilliant whiteness stemming from the unique Anderson
light localization in the silk nanofibril matrix.[50] The scattering
effect is caused by numerous densely packed parallel fibrillar
nanopores packing together along the longitudinal axis. Such a
strong scattering scheme arising from silk nanofibrils can be fur-
ther enhanced by reconstructing a native silk film into a fibrous
film with a mean fiber diameter of 250 nm via electrospinning.[51]

The results also highlight the importance of structure tailor-
ing to produce highly scattering porous media from pristine
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Figure 3. a) Schematic diagram of microcellular foaming process based on supercritical CO2. b) Left: Transparent PMMA film on the glass; Right:
Foamed PMMA with a brilliant whiteness and its cross-sectional nanoporous morphology. c) Plot of transmittance of foamed PMMA films versus their
corresponding inverse of thickness, deriving a mean free optical path lt of 3.5–4 μm in the range 400–800 nm. Reproduced with permission.[7] Copyright
2017, The Authors, published by Springer Nature.

materials with moderate scattering abilities. Nature possesses
abundant biopolymers that could be harnessed to make light-
scattering porous structures, which deserves further exploitation.

3. Fabrication Methods for Making Light-Scattering
Porous Polymers

3.1. Microcellular Foaming

Microcellular foaming is a versatile and facile technique that has
been utilized to fabricate porous polymers with enhanced ther-
mal insulation and impact-resistant mechanical properties.[52] To
fabricate light-scattering nano-porous polymers via microcellular
foaming, careful attention is needed since this method usually
generates macro-porous structures with pore sizes ranging from
tens to hundreds of micrometers. This is advantageous for im-
proving thermal and mechanical properties of foamed materials,
but light scattering is not pronounced for such large pore sizes.
Since our interest is in the visible and near-infrared spectra, the
target pore size of porous polymers should fall into the range of
hundreds of nanometers to several micrometers to maximize the
scattering efficiency of the pores.[37]

These guidelines are also applicable to microcellular foam-
ing using non-toxic carbon dioxide (CO2) as a physical blowing
agent. This approach has been attracting increasing attention
from both, academia as well as industry, and can also be adopted
for fabricating light-scattering porous polymers. As shown in Fig-
ure 3a, Syurik et al. demonstrated the feasibility of microcellular
foaming based on CO2 for making highly scattering films.[7] The
foaming process contains four main steps: i) CO2 dissolution into
the polymer matrix at elevated pressure and temperature to form
an equilibrium polymer-CO2 system till saturation; ii) pore nucle-
ation by subjecting the polymer-CO2 system into supersaturation
state by increasing temperature or pressure quenching; iii) pore
growth driven by the temperature difference between the applied
temperature T and the glass transition temperature Tg (T > Tg);
iv) pore growth is terminated and frozen into fixed morphology

when T < Tg. Since the CO2-absorption capability depends on the
type of polymer considered, the foamed polymers have a great
influence on the ultimate porous network. Apart from material
parameters, processing conditions including foaming pressure
and temperature, are also critical to control of the attained porous
morphology of the polymers. It was shown that a larger foaming
pressure leads to a reduced pore size, which is recommended to
be larger than 30 MPa due to the resultant optimal whiteness.
In addition, a several-micrometers-thick skin layer without pores
(see the SEM image in Figure 3b) appears at the film/air inter-
face, caused by the spontaneous diffusion of CO2 toward free
space after the pressure quenching operation. Note that increas-
ing foaming pressure can effectively reduce the thickness of the
skin layer. Therefore, it is rational to use a large foaming pressure
for processing thin polymer layers since the skin layer makes no
contributions to the ultimate scattering performance. It is well
noted that increasing the foaming temperature causes both the
growth of pore size and the filling fraction of pores. Finally, the
most brilliant whiteness of the foamed polymer (here PMMA)
was realized at 50 MPa and 80 °C, featuring a nanoporous mor-
phology with an average pore diameter of ≈300 nm and a porosity
of ≈40% (see Figure 3b) and lt values ranging from 3.5 to 4 μm
in the visible range of 400–800 nm (see Figure 3c). Specifically,
a 9 μm-thick scattering layer features a reflectance above 57%,
indicating its excellent scattering performance endowed by the
nanoporous network. Note that the ultrahigh molecular weight
of PMMA (Mw = 950 K) also plays an important role in gener-
ating the nanoscale pores since using the same parameters for
foaming low-molecular-weight PMMA (Mw = 15 K) only leads to
microscale pores with a pore diameter larger than 1 μm.[35] The
underlying mechanism can be well explained by the fact that the
exclusion of the low-molecular-weight part in polymers is con-
ducive to the onset of heterogeneous nucleation. This, in turn,
tends to produce an ultrahigh density of pores with reduced pore
sizes.[53]

Currently, the scattering performance of the foamed porous
polymer structures is close to but still inferior to that of the
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natural prototype, that is, of the Cyphochilus scales. This can be
attributed to the pore structures well separated by thin walls, lack-
ing interconnected and anisotropic characteristics.[54] Further ef-
forts should be devoted to foaming interconnected porous struc-
tures with a certain degree of anisotropy in the out-of-plane di-
rection. In addition, the non-porous skin layers present in the
foamed porous polymer films do not contribute to light scat-
tering, which should be eliminated to improve the scattering
ability.[55]

3.2. Phase Separation

3.2.1. Non-Solvent-Induced Phase Separation

At present, non-solvent-induced phase separation (NIPS) is one
of the popular methods for fabricating highly scattering porous
polymers. In a typical process, the polymer is dissolved into a
mixture containing a good solvent and a non-solvent, both of
which are miscible.[56] Note that the good solvent used for dis-
solving the polymer is usually volatile, while the non-solvent is
less volatile. With the evaporation of the good solvent, the solu-
bility of the polymer is reduced, and then phase separation be-
tween polymer and non-solvent occurs, leading to the formation
of porous structures. As shown in Figure 4a, Syurik et al. directly
casted PMMA-acetone solution in air for making highly scat-
tering porous structures with an anisotropic fibril network.[21]

Due to the hygroscopic nature of acetone and intrinsic water
in the PMMA, the transparent solution was turned into a solid
white layer upon the complete evaporation of acetone. The phase
separation between PMMA and water caused this effect. The
scattering strength of the porous structures can be enhanced
by tailoring the morphology of the porous structures, achieved
by varying the PMMA’s molecular weight. In the end, the ar-
tificial porous polymer film with a thickness of 4 μm featured
a mean free optical path lt as low as 1 μm at a wavelength of
500 nm, which outperformed the white beetle in the scattering
performance for the first time. A similar recipe was adopted
by Mandal et al. to fabricate porous poly(vinylidene fluoride-co-
hexafluoropropylene) (P(VDF-HFP)) with bimodal pore size dis-
tributions, which were conducive to achieving broadband high
scattering ability in the whole solar spectrum (300–2500 nm).[37]

The measured lt of the porous P(VDF-HFP) with thicknesses
above 300 μm was 6–12 μm in the wavelength range of 420–
1100 nm. Later on, Zou et al. developed a 3.5 μm-thick porous
PS film with an lt below 1 μm at a wavelength of 500 nm, based
on water vapor-induced phase separation.[20] The outstanding
scattering ability was attributed to the bi-continuous network of
porous structures and the high refractive index of PS (n ≈ 1.6).
During the process, phase separation was induced by penetra-
tion of water vapor into the PS solution. Hence the underly-
ing mechanism is slightly different from the above-mentioned
evaporation-induced method. Recently, Burg et al. prepared a
porous cellulose acetate (CA) film with a thickness of 12.8 μm,
based on the non-solvent phase separation of a mixture contain-
ing CA/acetone/methanol/CaCl2 composite.[11] The film exhib-
ited a reflectance of ≈94%, surpassing that of Cyphochilus scales
with a similar thickness. The research has unveiled the formation
mechanism for the voided intra-scale structure as liquid-liquid

phase separation and further claimed a new optimal chitin fill-
ing fraction of 25%. The similar formation mechanism of porous
structures made by the NIPS method to that of Cyphochilus scales
might explain the fact that such artificial porous films possess
comparable or even better scattering performance than their nat-
ural counterparts.

3.2.2. Polymerization-Induced Phase Separation

Light-scattering porous polymers can also be obtained from
direct synthesis methodology, herein polymerization-induced
phase separation (PIPS). The method is based on free-radical
polymerization of mixtures containing monomers, porogens,
and initiators, which is triggered by applied heat or UV
irradiation.[59,60] The porogens are miscible with the monomer
precursor and can be extracted by solvent annealing after the
polymerization process, thereby leaving behind abundant pores
as scattering centers inside the polymer matrix. As shown in
Figure 4b, Tang et al. first utilized the PIPS method for mak-
ing highly scattering porous polymers based on the UV-induced
initiation process, which has several advantages as it exhibits
fast response and short polymerization time.[57] The formula-
tion contained monomers (i.e., butyl methacrylate (BMA) and
ethylene dimethacrylate (EDMA)), porogenic solvents (i.e., cyclo-
hexanol and 1-decanol), and a free-radical UV initiator. By lever-
aging the EDMA as the crosslinker of BMA, the copolymeriza-
tion of BMA and EDMA produced a cross-linked poly(BMA-co-
EMDA) matrix under the UV irradiation and led to the phase
separation of polymer matrix and porogens. Two key parame-
ters, including the volume ratios of 1-decanol to cyclohexanol and
of porogens to monomers, were investigated in detail to tailor
the morphology of as-prepared porous polymers. Finally, with an
optimized pore diameter of ≈200 nm and a porosity of ≈50%,
the porous polymer films with thicknesses ranging from 16 to
83 μm exhibited lt values of 3–4.4 μm at wavelengths of 400–
800 nm. Further, the same group made porous fluoropolymer
films with thicknesses ranging from 14 to 55 μm, featuring lt val-
ues of 1.3–1.7 μm in a wavelength range of 400–800 nm.[33] The
adopted fluorine monomer, namely perfluoropolyether (PFPE)–
urethane dimethacrylate, combines the inherent properties of the
PFPE backbone and methacrylate units to enable a low degree
of shrinkage upon curing and a high level of cross-linking. This
might be favorable for forming the compact porous structures
with significant optical scattering effects. In addition, the as-
made porous fluoropolymer films can be freestanding and flexi-
ble, which was not realized for the porous poly(BMA-co-EMDA)
films. Note that the porous films obtained from the PIPS method
contain open and interconnected porous networks, which are de-
sired for post-encapsulation using another polymer. Liang et al.
infiltrated a liquid PDMS precursor into porous poly(MMA-co-
EDMA) films, achieving the fabrication of diffusing films with
combined high transmittance and high haze (88%/88%) after a
thermal curing process.[61]

3.2.3. Polymer-Blend Phase Separation

Porous structures for optical applications can be generated from
the phase separation of polymer blends since most polymer
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Figure 4. a) Schematic diagram of non-solvent-induced phase separation process and fibril morphology of porous PMMA film. The whole fabrication
process is shown as follows: i) First, a three-phase mixture consisting of acetone, water and PMMA is prepared; ii) Then, the solution is subject to
atmosphere for the fast evaporation of acetone, leading to the phase separation of water and PMMA; iii) Finally, a porous polymer film is obtained after
the complete evaporation of acetone and water. Reproduced with permission.[21] Copyright 2018, The Authors, published by Wiley-VCH. b) Schematic
view of polymerization-induced phase separation process, photos of a transparent film and a white porous film and cross-sectional morphology of the
porous film shown in the middle panel. The fabrication process contains four main steps: i) Preparing homogenous mixtures containing monomers,
porogens, and a photoinitiator; ii) The cross-linking of monomers is initiated by UV irradiation, leading to the phase separation of the porogens and
the cured polymer; iii) Extracting porogens by submerging the as-prepared polymer film in a good solvent bath; iv) Obtaining the porous film by air
drying. In the right panel, we observe that the nonporous polymer film is transparent, whereas the porous film appears white due to light scattering
effect. The right panel shows that the as-made porous structure consists of aggregated small globes separated by irregular air pores. Reproduced with
permission.[57] Copyright 2020, Optical Society. c) Schematic illustration of polymer-blend phase separation process and the morphology of disordered
PS nanopillars. The left panel shows the whole fabrication process: i) A PMMA/PS blend solution is spin coated on a substrate; ii) The fast evaporation
of the solvent leads to the separation between PMMA and PS; iii) By selectively dissolving PMMA, one obtains well-separated PS nanopillars. The right
panel shows that the PS nanopillars have a disordered distribution without any overlap. Reproduced with permission.[58] Copyright 2018, Royal Society
of Chemistry.

blends of high-molecular-weight polymers are inherently
immiscible.[62,63] This effect can be utilized for fabricating poly-
mer micro- and nanostructures. For example, phase separation
occurs when the polymer blends are heated above the glass
transition temperature or the solvent evaporates from the solu-
tion. This can result in tailored morphologies, including islands,
holes, and bi-continuous structures. Note that the porous struc-
tures are usually 2D and can, for example, be tailored by varying
the mixture composition, molecular weights of polymers, film
thicknesses, or solvents. Alternatively, altering environment
parameters, including air humidity and temperature, can be

used to control the process. Instead of using polymer blends,
block copolymers can also be used for making phase-separated
porous structures with refined self-assembled morphologies.
However, the synthesis of block copolymers is fairly intricate,
limiting their practical applications (e.g., anti-reflective layers).
Intriguingly, the phase separation of polymer blends (or block
copolymers) can generate either disordered or ordered porous
structures. The ordered porous structures tend to produce some
structural color effects, which is beyond the scope of this article
and can be referred to in a recent review article.[42] For broadband
optical scattering applications, disordered structures are more
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Figure 5. a) Schematic diagram of electrospinning setup containing a high-voltage power supply, a syringe, and a grounded metallic collector. Repro-
duced with permission.[69] Copyright 2017, Optical Society. b) Highly reflective electrospun PEO film with a thickness of 500 μm (left) and its fibrous
morphology observed by SEM (right). Reproduced with permission.[72] Copyright 2020, The Authors, published by Springer Nature.

relevant. As shown in Figure 4c, in the work by Donie et al., a
polymer blend of PMMA and PS was spin-coated on substrates,
followed by phase separation of these two polymers initiated by
solvent evaporation.[58] After selectively dissolving the PMMA by
using acetic acid, the porous structures, namely air with some
PS nanopillars inclusions, were fabricated. To foster significant
scattering effects in the visible and near infrared spectral range,
the polymer blend composition and the deposition conditions
were adjusted to tune the morphology of the phase-separated
nanostructures (i.e., the shape, the diameter, and the height dis-
tribution of nanopillars). At last, the best scattering performance
was realized by nanopillars with a mean diameter of 357 nm,
an average height of 80 nm, and a surface cover range of 30%.
With the conformal deposition of silver onto the porous film,
a diffuse reflector for a thin-film silicon solar cell was made.
The authors characterized its light-scattering performance using
haze, defined as the proportion of diffused light in total reflected
light. It was shown that a maximum haze value surpassing 85%
was realized under various incidence conditions.

The phase-separated porous polymers can be further pro-
cessed to generate disordered titania nanopillars for light extrac-
tion of OLEDs.[64] In addition, by using an inorganic-organic hy-
brid UV-curable resin, (i.e., OrmoStamp), the obtained porous
polymer scaffold can serve as a nano-stamp for imprinting nanos-
tructures, confirming the versatility and up-scalability of the
polymer-blend phase separation method.[65]

3.3. Electrospinning

Electrospinning is a well-established nanofiber production tech-
nique that applies high electric field to draw charged threads with
a size in the order of hundreds of nanometers to micrometers
from polymer solutions. In a typical electrospinning process, as
shown in Figure 5a, a sufficiently high voltage is applied to a
liquid droplet for charging it. Then the droplet is stretched un-
der the influence of the electric field, forming a jet in air. The
jet is elongated and thinned by a whipping process combined
with solvent evaporation until it is ultimately deposited on the
grounded metallic collector. The uniform distribution and high
anisotropy in the out-of-plane direction of electrospun films are

desired for realizing highly scattering performance. Yip et al.
first produced electrospun PU nanofiber webs with a brilliant
CIE whiteness index exceeding 85 (note that the CIE index of
whiteness is a measurement of the light reflected by the sam-
ple across the visible spectrum). This was achieved by optimiz-
ing processing parameters including solvent, polymer concentra-
tion, and collection geometry to obtain an interconnected fiber
network with a mean fiber diameter of around 250 nm.[66] To
date, many polymers have been electrospun for making high-
scattering porous films, including polyacrylonitrile (PAN),[67,68]

poly(lactic-co-glycolic acid),[69] PS,[27,28] and PVDF.[70,71]

As shown in Figure 5b, Li et al. prepared a highly reflec-
tive nanofibril polyethylene oxide (PEO) film with a thickness of
500 μm and an average fiber diameter of 730 nm by electrospin-
ning, resulting in a high reflectance of 96% over the solar spec-
trum (300–2500 nm).[72] The authors demonstrated that the se-
lected fiber diameter was an optimized value based on their scat-
tering efficiency calculation for a single fiber. In contrast, Yalçın
et al. verified the optimal size of electrospun fibers as 400–500 nm
at a film thickness smaller than 1 mm by solving the radiative
transfer equation (RTE) with the Monte Carlo method.[73] The
discrepancy between the two studies demonstrated the impor-
tance of a rigorous method for solving the RTE for optimizing
the diameter.[51] In addition, Park et al. determined that the max-
imum reflection of their electrospun nano silk film was achieved
with a mean fiber diameter of 250 nm over a wavelength range
of 400–900 nm by using a rigorous anisotropic photon diffu-
sion theory.[51] The results showed that the optimal fiber size
for maximizing scattering performance depended on the light
wavelength of interest. Their simulation also pointed out that
further optimization of the filling fraction can lead to enhanced
scattering performance for the electrospun film. Besides the size
and the filling fraction of electrospun fibers, the fiber morphol-
ogy also has a critical effect on the scattering properties. Kim
et al. demonstrated that electrospun fibers with hybrid cylindri-
cal and ellipsoidal shapes exhibited stronger scattering abilities
than those with only cylindrical shape.[74] The underlying mech-
anism was that the scattering cross section of a hybrid fiber was
summed from the individual cross sections of cylindrical fiber
and ellipsoidal fiber, indicating that composite fibers could scat-
ter broadband light more efficiently than their counterparts with
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Figure 6. Porous cellulose nanocrystals film and its scattering performance. Left: Photo of the white porous cellulose film (100 μm thick), middle: SEM
image of its inner porous morphology, right: spectral dependence of the transport mean free path lt in the visible spectral range 450–950 nm. Reproduced
with permission.[80] Copyright 2017, The Authors, published by American Chemical Society.

a single shape. Their results provide new insights to enhance the
scattering ability of porous films made by electrospinning. Re-
cently, electrospun films, featuring a transport mean free path of
0.9 μm, have surpassed Cyphochilus scales in the optical scatter-
ing strength for the first time, which were optimized to mimic
the key structural parameters of the beetle scales (i.e., mean fiber
diameter, diameter distribution, filling fraction, and structural
anisotropy).[75]

In addition, electrospun porous films featuring open and in-
terconnected networks are also suited for secondary encapsula-
tion to enable the fabrication of optical diffusers. Lee et al. pro-
duced a composite diffuser with transmittance/haze of 67%/66%
by infiltrating transparent photoresist SU-8 into an electrospun
nanoporous PAN film.[76] The diffusing properties can be well
tailored by tuning the concentration of polymer solution and
film thickness. Similarly, Tang et al. produced electrospun PVDF-
based diffusers encapsulated by UV-curing resin, featuring com-
bined transmittance/haze of 78% and 92%, respectively.[77] In a
recent study, Liang et al. showed that the electrospun PS film
could be tailored into PS-fiber rods with different lengths by us-
ing an emulsion shear process. Their work resulted in varied scat-
tering abilities dependent on the obtained fiber length.[78] With
further encapsulation by PDMS, the composite diffusing film re-
alized a high haze of 87% while maintaining a high transmittance
of 82% at a wavelength of 550 nm.

3.4. Direct Templating

Porous polymers can be produced by direct templating, which
is inherently a molding technique for the direct replication of
the complementary structure of porous templates with well-
defined morphology, followed by the removal of the templates
for forming the ultimate porous structure.[79] The commonly-
used templates for making porous polymers include polymer
nanoparticles, silica nanoparticles, and anodic aluminum oxide.
As shown in Figure 6, Caixeiro et al. prepared a high-scattering
cellulose nanocrystals film by using colloidal monodisperse PS
spheres (diameter of 1.27 μm) as a sacrificing template.[80] The
as-fabricated porous films with thicknesses ranging from 100
to 400 μm featured a lt as low as 3.5 μm in the visible light
range, showing a significantly improved scattering strength (×4)
compared to conventional microfiber-based paper. A detailed
Mie scattering modeling further demonstrated that a decreas-

ing sphere diameter to 250 nm can result in enhanced scatter-
ing performance corresponding to an optical mean free path
lt of 1.3 μm. A similar strategy could also be applied to fabri-
cate porous PDMS films. For instance, Zhou et al. prepared a
white porous PDMS sponge using sugar particles with a size of
100–600 μm as templating materials.[81] The as-fabricated porous
film had needed to have a thickness of 5 mm to exhibit a re-
flectance exceeding 90% in the visible range, indicating its in-
significant scattering ability. It is intuitive to use particles with
a smaller size to realize stronger scattering performance. Weng
et al. synthesized NaCl particles with an average size of around
5 μm using the solvent method, which were used as templates
for fabricating porous PDMS films.[82] Ultimately, a 450 μm-thick
porous film featuring an average reflectance of ≈95% in the so-
lar spectrum was obtained. It is evident that the reduced tem-
plate size leads to a stronger scattering ability for the porous
PDMS film. However, removing finer sugar particles from the
polymer matrix can take a much longer time. To enable a highly
efficient process for making porous PDMS films, Zhou et al.
adopted a self-assembled PS array with a particle size of 1 μm
as the sacrificial template of PDMS.[83] The removal of PS micro-
spheres was achieved by a simple annealing process in an oven
(180 °C@3 h). In addition, they verified that porous films with
1 μm-sized pores featured stronger scattering abilities than those
with 5 μm-sized pores. The results might explain the fact that the
above-mentioned porous cellulose films have a similar pore size.

Note that one drawback of conventional direct templating
is that the template materials need to be removed by fur-
ther dissolution in a good solvent bath, which is usually time-
consuming and cumbersome. To circumvent the dissolution
step, researchers harnessed breath figure self-assembly as a cost-
effective, time-saving, and facile templating method for making
porous polymers.[84] In a general breath figure process, a polymer
solution is first cast onto a solid substrate by spin or dip coating,
which is subject to a humid atmosphere. With the solvent evapo-
ration from the uncured polymer film, its surface temperature
decreases gradually due to the evaporation cooling effect. Fur-
ther, water vapor can condense onto the polymer surface spon-
taneously, forming numerous water droplets as the templating
materials for the polymer when the temperature is well below
the dew point of water. After the solvent and the water droplets
evaporate completely, a porous polymer film is obtained. The
formed porous array usually has a honeycomb-shaped distribu-
tion, which can efficiently scatter incident light and serve as light
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Figure 7. a) Schematic diagram of two-photon laser microprinting combined with polymerization-induced phase separation for making porous polymers.
In a polymerization process enabled by two-photon laser microprinting, phase separation between polymer and porogens occurs, leading to porous
morphology in the polymer matrix. After washing with solvents and a drying process, a porous polymer film is obtained. The as-prepared polymer film
features an interconnected nanoporous morphology. b) SEM images of a nanoporous sample made by two-photo laser microprinting. Reproduced with
permission.[87] Copyright 2020, The Authors, published by Wiley-VCH. c) Schematic view of inkjet printing combined with polymer-blend (PMMA/PS
blend) phase separation for making 2D porous structures. The inkjet printing process is either based on i) a co-solvent recipe (cyclohexanone and
Tetralin) or ii) a single-solvent formulation (only cyclohexanone). The co-solvent recipe enables the phase separation of the polymer blend without
further treatment, whereas thermal annealing is required to initiate the phase separation process. d) Photographs of inkjet-printed bee logos on a
glass substrate (left) and on a flexible plastic substrate (right). e) SEM image of disordered nanoholes with a uniform distribution. Reproduced with
permission.[88] Copyright 2021, American Chemical Society.

outcoupling layers for optoelectronic devices.[85] In addition, the
concave-shaped porous array formed by the breath figure tech-
nique can be leveraged as a template for making convex-shaped
structures.[86]

3.5. Printing Methodology

To enable facile and tailorable fabrication of porous polymers,
combining the pore-forming process with advanced printing
methodology is of great interest. It is also particularly intrigu-
ing to introduce the scattering properties over well-defined 2D
or 3D designs by using printing techniques. As shown in Fig-
ure 7a, Mayer et al. demonstrated a two-photon absorption-based
3D laser microprinting approach combined with the PIPS for
making porous polymers, which enabled better spatial resolu-
tion of patterning and achieved nanoporous architectures with
controlled pore sizes ranging from the scale of ten nanometers
to the micrometer scale.[87] In this approach, organic solvents in-
cluding dodecyl acetate and octadecyl acetate, which are miscible
with the unpolymerized monomers, were applied as porogens
for the PIPS. Since the miscible porogens enabled a homoge-

neous refractive index distribution throughout the volume, the
light scattering effect that hinders the accuracy of the two-photon
absorption-based 3D printing would be avoided during the pro-
cess. As presented in Figure 7b, a nanoporous polymer structure
with a mean pore size around 50 nm was fabricated. Controllable
porosity of the structure was achieved by manipulating the power
level during exposure. It was shown that increasing laser power
from 30 to 45 mW resulted in a porosity decrease from 43% to
22%. This further enabled the fine control of the light scattering
effect of the printed sample. Consequently, a miniaturized Ul-
bricht light-integrating sphere with excellent diffuse reflectivity
was fabricated by this approach for demonstrating the excellent
scattering performance.

Inkjet printing is an efficient printing technique for the
direct deposition of liquid phase materials on a variety of sub-
strates, attracting a wide variety of scientific and industrial
attention owing to its high adaptability, cost efficiency, and
scalability for mass production. Novel ink design and process
development have been adapted to inkjet printing technology
for creating tailored porous structures. As shown in Figure 7b,
the polymer blend solution of PMMA and PS was directly inkjet
printed by Donie et al. to induce phase separation upon solvent
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Table 1. Comparison of scattering performance of various porous polymers in previous publications.

Type of porous polymers Refractive index at 500 nm Fabrication method lt at specific wavelength Reference

White beetle Cyphochilus scales 1.56 — 1.47 μm at 500 nm [9]

Porous PMMA film 1.5 Microcellular foaming 3.5–4 μm (400–800 nm) [7]

Porous PMMA film 1.5 Non-solvent-induced phase separation 1 μm at 500 nm [21]

Porous P(VDF-HFP) film 1.4 Non-solvent-induced phase separation 6–12 μm at 420–1100 nm [37]

Porous PS film 1.6 Non-solvent-induced phase separation 0.98 μm at 500 nm [20]

Porous cellulose acetate film 1.5 Non-solvent-induced phase separation <1.47 μm at 500 nm [11]

Porous Poly(BMA-co-EDMA) film Not reported Polymerization-induced phase separation 3–4.4 μm at 400–800 nm [57]

Porous fluoropolymer film Not reported Polymerization-induced phase separation 1.3–1.7 μm at 400–800 nm [33]

Porous nano silk film 1.55 Electrospinning ≈5 μm at 400–900 nm [51]

Porous nano silk film 1.55 Electrospinning 0.9–2.1 μm at 400–700 nm [75]

Porous cellulose nanocrystals film 1.5 Direct templating 3–7 μm at 450–950 nm [80]

evaporation, thereby forming a 2D porous structure followed by a
selective dissolving procedure.[88] The printed bee logos shown in
Figure 7c demonstrated that the formed nanoporous structures
(see Figure 7d) were fairly homogeneous. Processing parameters
including printing resolution, the weight ratio of PS/PMMA,
and thermal annealing temperature, were investigated in detail
to enable the morphological variation of the porous structures
scaling from a few micrometers down to sub-100 nm range. With
the inkjet printing methodology, the 2D porous structures can be
rapidly processed into the target macroscopic design with tailored
scattering performance.

It is well noted that porous polymers can also be fabricated by
other common printing methods, including direct ink writing[89]

and digital light processing.[90–92] To enable the fabrication of
porous polymers with efficient light-scattering strength, those
printing methodologies need to be optimized for obtaining de-
sired porous structures.

To get more insights into the current development of light-
scattering porous polymers, a list shown in Table 1 was pre-
pared for comparison of their scattering performances. The list
contains the type of porous polymers (including the benchmark
of white beetle Cyphochilus scales), refractive index, fabrication
method, and corresponding lt. We note that some artificial porous
polymers have surpassed the white beetle scale in terms of scat-
tering strength, as evidenced by the lt. This achievement indicates
a bright and promising future for making light-scattering porous
polymers with more advanced methodologies.

4. Applications

4.1. Optoelectronic Devices

4.1.1. Optical Enhancement of LEDs and OLEDs

LEDs (herein referred to as inorganic LEDs, i.e., GaN-based
LEDs) and OLEDs suffer from limited efficiencies due to the
large refractive index of their constituent materials compared to
that of air.[93–95] A significant fraction of the internally generated
light is trapped inside the devices due to the coupling to guided
modes. By integrating scattering layers into LEDs or OLEDs, the

trapped modes can be effectively extracted from the devices, con-
tributing to a large enhancement of the efficiencies.[76] As shown
in Figure 8a, Yu et al. demonstrated the light-extraction ability
of porous films made by the PIPS method by integrating white
scattering layers onto the substrates of chip-on-board LEDs with
a near-Lambertian light distribution.[33] In the LED device with
porous films, the total internal reflection light can be reflected
in a diffusing way instead of the specular direction, which in-
creased the photon escape probability and thereby improved the
light extraction efficiency of the device by 20%. Similar enhance-
ment can be implemented by inserting an electrospun PS film;
this was demonstrated by Liang et al.[96] Highly diffuse reflective
layers can also be integrated onto the reflectors of LED lamps
to enhance their light extraction efficiency, alleviate the glare ef-
fect and improve the angular color uniformity. Tang et al. inte-
grated an electrospun PLGA film onto the reflector surface of a
remote-phosphor-converted LED lamp, which reduced the cor-
related color temperature deviation significantly while achiev-
ing an efficiency gain of 12%.[69] Note that the uniform mix-
ing of blue and yellow light from the LED lamp was realized by
the excellent light-scattering effect of the electrospun film. Fur-
thermore, the same group demonstrated the versatility of light-
scattering porous polymer films by integrating electrospun PAN
films onto various LED lamps, leading to similar light efficiency
enhancements.[68]

The non-cavity planar OLEDs suffers from a limited outcou-
pling efficiency of only 20–30% due to surface plasmon loss
mode at the planar organic-metal interface and laterally propa-
gating waveguided and substrate-trapped loss modes stemming
from the refractive index contrasts in the device, starting from
high-index organic matrices to a medium-index glass substrate
to low-index air.[34,64] The insertion of a scattering layer onto the
glass substrate represents a promising route to effectively extract
substrate modes. By leveraging the phase inversion method, Koh
et al. developed a thin light-scattering porous polyimide film
with a high-index matrix (n > 1.7) to improve the outcoupling
efficiency of green and broadband OLEDs by 65% and 60%,
respectively, as shown in Figure 8b.[34] The improvements were
enabled by a significant scattering effect induced by the large
index contrast between polyimide matrix and air pores as well
as the fact that the index of polyimide was larger than that of the
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Figure 8. a) Reference LED without a porous film and LED with a porous film serving as a diffuse light reflector as well as the illustration of the light
extraction mechanism. Reproduced with permission.[33] Copyright 2021, Wiley-VCH. b) Device structure of the green OLED with a porous polyimide film
as the light-outcoupling layer and the top-down confocal microscopy image (the inset is a photograph of the porous polyimide film). Reproduced with
permission.[34] Copyright 2015, American Chemical Society. c) Schematic illustration of PL intensity enhancement of QD film owing to the assistance
of the micropores and photograph of unfoamed and foamed QD films under UV light excitation. Reproduced with permission.[35] Copyright 2019,
Wiley-VCH. d) Schematic diagram of OSC integrated with a nanoporous polymer film on the rear side as a diffuse light reflector. Reproduced with
permission.[36] Copyright 2021, The Authors, published by Wiley-VCH.

glass substrate, which was conducive to outcoupling substrate-
trapped light into the porous polymer layer. Furthermore, the
adopted porous layer can also enhance the color consistency
between viewing angles of 0° and 60°. Yun’s group demonstrated
that the choice of alcohols instead of water in the phase inversion
method played an important role in implementing uniform pore
size with well-controlled pore shape. This allowed to control the
light scattering effect and ray path change of porous polymer
films, thereby largely enhancing the outcoupling efficiency of
OLEDs.[97] By further tuning the mixing ratios of different non-
solvents (i.e., water and ethanol), the light scattering effect of the
porous polyimide films can be precisely tuned, thereby realizing
a larger efficiency enhancement for OLEDs.[98]

4.1.2. Photoluminescence Intensity Enhancement of Color
Conversion Layers

The photoluminescence (PL) intensity of fluorescence materials
can benefit from the lengthened photon transport path of exci-
tation light inside the porous polymer films as well as light ex-
traction from the top-emitting surface of the films.[99–101] Aiming
at improving the PL intensity of PMMA/quantum dot (QD) hy-
brid films, Yu et al. introduced tailored porous networks inside
these hybrid films via supercritical CO2 microcellular foaming
method to increase the scattering effect, as shown in Figure 8c.[35]

By employing spectroscopic measurements, it was found that the

PL intensity of the porous QD film was enhanced nearly seven-
fold compared to the pristine QD film with a thickness of 4 μm.
The measured spectroscopic results demonstrated that both the
absorption and PL quantum yield enhancement contributed to
the ultimate improvement of PL intensity. Note that by substitut-
ing the pristine PMMA with one with a high molecular weight,
nanoporous PMMA films can be fabricated, which exhibited a
stronger scattering ability than the microporous ones. However,
the PL enhancement factor upon the introduction of nanoporous
network was inferior to that with the microporous morphology,
which might be attributed to the strong backscattering ability.[54]

Similarly, Jung et al. prepared QD composite films by encapsu-
lating QD into porous block copolymer matrix by using water-
vapor-induced phase separation method, which enabled a 21-fold
PL intensity enhancement over a broad spectral range.[102] In this
work, the polymer-QD composite with bi-continuous random
pores realized effective enhancement of both light absorption
and extraction efficiency via efficient light scattering effect. More-
over, the phase-separated morphology substantially reduced the
Förster resonance energy transfer efficiency from 53% (pure QD
film) to 22% (polymer-QD composite), which further enhanced
the PL intensity of QD film. Apart from directly generating pores
inside the QD films, infiltrating liquid QD-polymer composites
into porous scaffolds is also a feasible route to form scattering
centers. For example, Liang et al. demonstrated a 1.5-fold en-
hancement in the PL intensity of QD films with the use of porous
polymer scaffolds made by the PIPS method.[61] Moreover, the
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enhancement factor was increased twofold by using electrospun
PS nanofibers.[78]

4.1.3. Nanoporous Polymer Reflector for Solar Cells

Metal electrodes are usually integrated as the back electrodes
of conventional solar cells for charge transport and optical path
length enhancement. This is a challenge for fully solutions pro-
cessed low-cost solar cells realized by printing technologies. It
represents a feasible and promising route to use highly conduc-
tive polymers to replace commonly adopted evaporated metals as
the back electrodes of organic solar cells (OSCs), given the print-
ability of such conductive materials. Although this route is well
established to implement semitransparent solar cells that can
be adopted for window applications, the insignificant reflectance
of the polymer electrodes reduces light recycling and hence the
power conversion efficiency (PCE) of OSCs. To enhance the light
recycling part in the OSCs, porous polymer layers are good can-
didates to serve as the back reflectors of OSCs. In the work by
Yu et al., a nanoporous polymer layer made by supercritical CO2
microcellular foaming was integrated onto the rear side of OSC
together with a conductive polymer electrode, as displayed in Fig-
ure 8d. By varying the thickness of pristine polymer film, dif-
ferent reflectance can be obtained, which is desired for the light
management of semi-transparent OSCs.[36] At last, a 50 μm-thick
foamed polymer film can increase the PCE of OSCs from 5.9% to
6.8%, comparable with the highly reflective silver electrode. De-
tailed characterizations showed that the PCE enhancement was
attributed to the increased light absorption in the low-absorbing
spectral range and further improved photocurrent in the OSCs.

4.2. Passive Radiative Cooling

To alleviate energy consumption for cooling and reduce carbon
footprint, a promising technique, namely passive daytime radia-
tive cooling (PDRC), has been arising to cool down buildings in
the daytime with hot weathers since the first introduction in 2014
by Fan’s group.[103] The radiative cooler leverages the 3 K universe
as the radiative heat receiver. The cooling process is spontaneous
and occurs without any energy input, which is green and low-
cost compared with conventional air-conditioning technologies.
However, realizing daytime radiative cooling is quite challenging
since it requires both high reflectance in the solar spectrum (0.3–
2.5 μm) and high emissivity in the atmosphere window (8–13 μm)
to reduce solar light absorption and radiate mid-infrared emis-
sion, respectively. In recent years, light-scattering porous poly-
mers have attracted much attention as potential daytime radia-
tive coolers due to their intrinsically low solar absorbance, high
mid-infrared emissivity, facile large area preparation, low costs,
and easy integration. As shown in Figure 9a, Mandal et al. pre-
pared hierarchically porous P(VDF-HFP) polymer coatings (solar
reflectance: 0.96; long-wave infrared emittance: 0.97) by using
a simple and scalable phase inversion method, which enabled
a sub-ambient temperature drop of ≈6 °C and a cooling power
of 96 W m−2.[37] Hu’s group developed a super-strong cellulose
material with excellent solar reflectance and mid-infrared emit-
tance as well as mechanical strength of 404 MPa that showed
great application potential as a structural engineering material

with outstanding PDRC capacity.[104] It is noted that an increas-
ing number of porous polymers have been developed for PDRC
applications, including porous PMMA film,[105] porous polyte-
trafluoroethylene film,[106] porous PDMS film,[107] porous PE
film,[108,109] porous PEO film.[72]

Passive cooling with porous polymers is also a promising strat-
egy for effective personal thermal management of individuals.
As shown in Figure 9b, Cui’s group showed that nanoporous
polyethylene (nanoPE) was transparent to mid-infrared human
body radiation while opaque to visible light due to the randomly
distributed nanopores with the pore size ranging from 50 to
1000 nm.[38] They demonstrated that the processed nanoPE can
cool down the simulated skin temperature in a more effective
way than conventional textile materials (e.g., cotton). Further-
more, the same group realized large-scale extrusion of contin-
uous nanoPE microfibers that can be processed into fabrics with
opaque visible appearance and high transparency in the mid-
infrared spectra.[110] Compared to a conventional cotton fabric
with the same thickness, the nanoPE fabric showed a larger
cooling power and a human skin temperature drop of 2.3 °C,
corresponding to a 20% energy saving on the indoor cooling.
In addition, the nanoPE film can also be used for the thermal
management of nanofiber-based face masks.[111] Note that the
cooling concept of nanoporous PE is different from the classic
PRDC mentioned above since the PE is not the thermal emit-
ter, which limits the application range due to the specific choice
of such material. To extend the application range of textiles in
personal thermal management, a hierarchical-morphology fab-
ric was proposed to serve as an effective and scalable radiative
cooler with combined high solar reflectance and high midin-
frared emittance.[112]

5. Summary and Outlook

This review first discussed suitable natural and artificial polymer
materials for making light-scattering porous structures and their
optical characteristics. Furthermore, several fabrication tech-
niques that can produce high-scattering porous polymers were
highlighted, including microcellular foaming, phase separation,
electrospinning, and direct templating. With the combination
of printing technologies and the pore-forming process, porous
polymers can be made in a scalable and tailored way. We have
also discussed several typical applications, which are mainly
grouped into two scenarios (i.e., optoelectronic devices and
passive radiative cooling). It is noted that with advanced fabri-
cation methods and careful structure tailoring, the presented
porous polymers possess prominent scattering abilities, some
of which exhibit even stronger scattering performance than the
best natural counterpart, namely the white beetles of the genus
Cyphochilus. Although porous polymers have been studied for a
long time, their optical characteristics and related optical appli-
cations are just in the infant stage. As an outlook for this review,
we provide some perspectives as follows: 1) At present, most
porous polymers are limited to several available commercial or
natural polymer materials, which can be explored more to enable
even stronger scattering abilities. Given the diversity of pore
generating methods, more fabrication techniques can be devel-
oped to produce advanced light-scattering porous polymers. In
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Figure 9. a) Hierarchical porous P(VDF-HFP) films with high solar reflectance and high mid-infrared emittance and their spectral properties as well
as cooling performance. Reproduced with permission.[37] Copyright 2018, American Association for the Advancement of Science. b) Nanoporous PE
film with high visible reflectance and high mid-infrared transparency and their spectral properties and skin cooling performance. Reproduced with
permission.[38] Copyright 2016, American Association for the Advancement of Science.

addition, the mechanical strength of optical porous polymers is
usually omitted in the current research, whereas it is mandatory
for practical applications and should be carefully investigated.
More functions or properties can be integrated into the light-
scattering porous polymers for specific applications, such as
water-repelling property (outdoor self-cleaning applications) and
air permeability (textiles for human body cooling).[113,114] Further-
more, the as-developed optical porous polymers can be applied
to new scenarios, such as interfacial solar steam generation that
utilizes porous materials as photothermal layers.[115,116]

2) To understand the light scattering mechanism of the porous
polymers and provide reasonable guidelines for the structure de-
sign, more advanced optical modeling and simulation is needed
for the reported porous polymer structures, especially when
considering the complexity of multiple scattering effects occur-
ring in the porous media. There exist various scattering the-
ories that can describe the scattering effects of porous poly-
mers. The well-known Mie theory is suitable for simulating sin-
gle spherical pore and infinite cylindrical pore with high accu-
racy and fast calculation.[73] In terms of porous structures with
complex irregular shapes, finite differential time-domain (FDTD)
and finite element analysis (FEA) are usually adopted.[117] How-
ever, the FDTD and FEA methods require significant computa-
tional resources and time, especially for those large-size porous
structures.[118] To alleviate the calculation burden, the T-matrix
method is applied and shows good accuracy in simulating large

disordered nanoporous structures with reasonable simulation
time.[119] Note that the aforementioned methods can account for
the wave-optical phenomenon, whereas it is impractical to simu-
late huge porous structures by using those methods. It would be
helpful to resolve such issues by solving the well-established RTE.
In this regime, Monte Carlo ray tracing can be used for the simu-
lation of bulk porous media.[73] Note that diffusion theory has also
been developed to solve the RTE for reducing simulation time at
an acceptable accuracy.[51] We note that there exist no one-fits-
all methods for simulating the light scattering effects of porous
polymers. Therefore, we call for more efforts to be devoted to the
simulation tasks, which should provide us with more insights
into the interesting scattering effects of porous polymers. The
interplay of materials research and predictive simulation would
open new paths to more porous polymers with desired optical
scattering properties.
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