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Abstract

Radiative transport processes are omnipresent in everyday live but mostly invisible since the
human eye is only sensitive to a small fraction of wavelengths. However, through our skin, we
can feel radiation as heating or cooling. After intensely researching radiative transport, |
perceive the world differently. For example, when walking home through a clear night sky, |
know now that the chilly feeling from above is outer space trying to kill me. Sometimes | wish
for a blanket of clouds that protects my body from radiating body heat through the atmosphere
into outer space. Or when | sit at a campfire in summer and observe the colors and feel the

warmth, | inevitably think about Planck’s law now.

The central theme of this thesis revolves around a special application of radiative heat transfer:
Passive radiative daytime cooling. All contributions within this thesis have direct or indirect
connections to this field of research. The aim is to utilize the radiative heat transport pathway
to cool objects. By specifically tailoring the optical properties, materials can spontaneously cool
below ambient temperatures without external energy input, even with direct sunlight
illumination. With climate change as the biggest challenge of this century, improving cooling

technologies seemed highly important to me.

Different material aspects are crucial for passive radiative daytime cooling. The thermal
emission must be optimized as the primary channel to dissipate energy. Other factors are loss
contributions that reduce the cooling effect. The biggest potential loss for passive daytime
cooling is the power input by solar irradiation. Absorbed solar energy can quickly diminish the
cooling effect. Therefore, solar management strategies are required. The first contribution
within this thesis presents one potential strategy to prevent solar absorption by strongly
reflecting sunlight. A colloidal glass is assembled from particles with gradually increasing size.
When assembled as a gradient material, this colloidal assembly shows broadband solar

reflectance based on scattering for the entire visible wavelength range.

The second contribution in this thesis presents an approach to maximize the thermal emission
and optimizes the layer thickness of different polymeric materials. In this work, my colleagues
and | show how the thermal emission and the different loss contributions depend on the
material thickness. With theoretical calculations based on the optical properties of the
materials, an optimum layer thickness is revealed. To validate our calculations, simple radiative
coolers with different emitter thicknesses are prepared, spectroscopically characterized, and
tested in a field test on the rooftop. The optimization strategy is directly transferable to other
materials if the optical properties are known and thus can help other researchers to improve

their designs.
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Besides optimizing widely applied materials also, new materials are introduced for passive
radiative daytime cooling. Within the third contribution, | studied the biomaterials Chitosan and
Chitin and whether they are suitable for passive radiative daytime cooling. With a solid-state
conversion reaction, the water-soluble polymer Chitosan can be converted to Chitin. We reveal
that both materials show below-ambient passive radiative daytime cooling through extensive
optical characterization and calculation of the cooling behavior. The use of bio-compatible and
abundant biomaterials is a clear advantage of the introduced system, and the work diversifies

the pool of available materials.

The last two contributions within this thesis extend the available characterization methods for
passive radiative daytime cooling and radiative heat transport. One big challenge in the
research area is to compare materials and their performance. The state-of-the-art is a field test
to measure the performance, but a direct comparison of the results is impossible due to
fluctuations in atmospheric conditions. To overcome this problem, an indoor test setup to study
passive radiative daytime cooling materials is introduced in this thesis. The indoor setup aims
to emulate outside conditions like outer space and the sun with a liquid nitrogen-cooled
aluminum dome and a solar simulator, respectively. In our work, we even show how

atmospheric selectivity can be included by the addition of a selective filter.

The introduced aluminum dome of the indoor test setup can also be used to address other
guestions regarding radiative heat transfer. In the last contribution of this thesis, a dual-sided
nonwoven material is introduced for advanced personal thermal management. The nonwoven
consists of a polymeric- and metallic-side. With the dome at room temperature and a feedback-
controlled heater system for the sample, the radiative transfer between the human body and
the surrounding can be emulated. With the adjusted setup, we show that if the metallic side is
facing the surroundings, radiative energy loss is suppressed. With the presented material

design, new functional clothes for personal thermal management can be imagined.
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Zusammenfassung

Strahlungstransportprozesse sind im taglichen Leben allgegenwaértig, aber meist unsichtbar,
da das menschliche Auge nur fir einen kleinen Teil der Wellenlangen empfindlich ist. Uber
unsere Haut kdnnen wir jedoch Strahlung als Erwéarmen oder Abkiihlen spiren. Nachdem ich
mich intensiv mit dem Strahlungstransport beschéaftigt habe, nehme ich die Welt anders wahr.
Wenn ich zum Beispiel bei klarem Nachthimmel nach Hause gehe, weil} ich jetzt, dass das
kuhle Gefuhl von oben das Weltall ist, das mich umbringen will. Manchmal wiinsche ich mir
eine Wolkendecke, die meinen Korper vor der Abstrahlung von Koérperwédrme durch die
Atmosphére ins Weltall schutzt. Oder wenn ich im Sommer an einem Lagerfeuer sitze und die
Farben betrachte und die Warme spire, denke ich jetzt unweigerlich an das Plancksche

Gesetz.

Das zentrale Thema dieser Arbeit dreht sich um eine spezielle Anwendung der
Warmeulbertragung durch Strahlung: Der passiven strahlungsbasierten Kilhlung am Tag. Alle
Beitrage dieser Arbeit haben direkt oder indirekt einen Bezug zu diesem Forschungsgebiet.
Ziel ist es, den Strahlungstransportweg von Wéarme zur Kihlung von Objekten zu nutzen.
Durch gezielte Anpassung der optischen Eigenschaften kbnnen Materialien spontan unter die
Umgebungstemperatur abkiihlen, ohne dass Energie von aufen zugefihrt wird, selbst bei
direkter Sonneneinstrahlung. Da der Klimawandel die grof3te Herausforderung dieses

Jahrhunderts darstellt, erschien mir die Verbesserung von Kihltechnologien sehr wichtig.

Fur die passive strahlungsbasierte Kiihlung am Tag sind verschiedene Materialaspekte
entscheidend. Die Warmeabgabe muss als primarer Kanal fur die Energieableitung optimiert
werden. Andere Faktoren sind Verlustbeitrdge, die die Kihlwirkung verringern. Der grofite
potenzielle Verlust bei der passiven Kihlung am Tag ist der Energieeintrag durch
Sonneneinstrahlung. Die absorbierte Sonnenenergie kann den Kihleffekt schnell vermindern.
Daher sind Strategien zum Umgang mit Sonneneinstrahlung erforderlich. Der erste Beitrag
dieser Arbeit stellt eine mogliche Strategie zur Verhinderung der Absorption von Sonnenlicht
durch starke Reflexion vor. Ein kolloidales Glas wird aus Partikeln mit allm&hlich zunehmender
GroRRe hergestellt. Wenn es als Gradientenmaterial zusammengesetzt ist, zeigt diese
kolloidale Anordnung eine breitbandige Sonnenreflexion auf der Grundlage von Streuung fur

den gesamten sichtbaren Wellenlangenbereich.

Der zweite Beitrag in dieser Arbeit stellt einen Ansatz zur Maximierung der Warmeabstrahlung
und zur Optimierung der Schichtdicke verschiedener polymerer Materialien vor. In dieser
Arbeit zeigen meine Kollegen und ich, wie die thermische Emission und die verschiedenen
Verlustbeitrdge von der Materialdicke abhéangen. Mit theoretischen Berechnungen, die auf den

optischen Eigenschaften der Materialien basieren, wird eine optimale Schichtdicke ermittelt.
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Um unsere Berechnungen zu validieren, werden einfache strahlungsbasierte Kihler mit
unterschiedlichen Strahlerdicken hergestellt, spektroskopisch untersucht und in einem
Feldversuch auf dem Dach getestet. Die Optimierungsstrategie ist direkt auf andere
Materialien Ubertragbar, wenn die optischen Eigenschaften bekannt sind, und kann somit

anderen Forschern helfen, ihre Designs zu verbessern.

Neben der Optimierung von weit verbreiteten Materialien werden auch neue Materialien fir die
passive strahlungsbasierte Kihlung am Tag vorgestellt. Im dritten Beitrag habe ich die
Biomaterialien Chitosan und Chitin untersucht und geprift, ob sie fir die passive
strahlungsbasierte Kilhlung am Tag geeignet sind. Mit einer Festkdrperumwandlungsreaktion
kann das wasserlosliche Polymer Chitosan in Chitin umgewandelt werden. Durch
umfangreiche optische Untersuchung und Berechnung des Kuhlverhaltens zeigen wir, dass
beide Materialien eine passive strahlungsbasierte Kuhlung bei Tageslicht unterhalb der
Umgebungstemperatur aufweisen. Die Verwendung von biokompatiblen und reichlich
vorhandenen Biomaterialien ist ein klarer Vorteil des vorgestellten Systems, und die Arbeit

erweitert das Angebot der verfligbaren Materialien.

Die letzten beiden Beitrage dieser  Arbeit erweitern die  verflgbaren
Charakterisierungsmethoden fiir passive strahlungsbasierte Kihlung am Tag und
strahlungsbasierten =~ Warmetransport. Eine groBe Herausforderung in  diesem
Forschungsbereich ist der Vergleich von Materialien und ihrer Leistung. Der Stand der Technik
ist ein Feldtest, um die Leistung zu messen, aber ein direkter Vergleich der Ergebnisse ist
aufgrund von Schwankungen der atmospharischen Bedingungen unmdglich. Um dieses
Problem zu Giberwinden, wird in dieser Arbeit ein Testaufbau fur Innenrdume zur Untersuchung
von Materialien fir die passive strahlungsbasierte Kiihlung bei Tageslicht vorgestellt. Mit einer
mit flissigem Stickstoff gekihlten Aluminiumkuppel und einem Sonnensimulator sollen die
AulRenbedingungen wie im Weltraum und Einstrahlung der Sonne simuliert werden. In unserer
Arbeit zeigen wir sogar, wie die atmosphérische Selektivitat durch Hinzufiigen eines selektiven

Filters einbezogen werden kann.

Die eingefihrte Aluminiumkuppel des Indoor-Testaufbaus kann auch zur Untersuchung
anderer Fragen der strahlungsbasierten Warmeulbertragung verwendet werden. Im letzten
Beitrag dieser Arbeit wird ein doppelseitiges Vliesmaterial fir personliches
Warmemanagement vorgestellt. Der Vliesstoff besteht aus einer Polymer- und einer
Metallseite. Mit der Kuppel bei Raumtemperatur und einem ritckkopplungsgesteuerten
Heizsystem fiir die Probe kann der Strahlungstransfer zwischen dem menschlichen Kérper
und der Umgebung nachgestellt werden. Mit dem angepassten Aufbau zeigen wir, dass, wenn
die metallische Seite der Umgebung zugewandt ist, der Strahlungsverlust unterdrickt wird. Mit

dem vorgestellten Materialdesign ist Funktionskleidung fur das Warmemanagement denkbar.
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1. Introduction

The radiative heat transfer pathway is essential for the energy exchange between the planet
and outer space. The absorbed power irradiated by the sun on the heating side and the thermal
emission on the cooling side are the basis of this thermodynamic equilibrium. The resulting
surface temperature is the consequence of an overall complex energy balance between the
sun, air, land, and oceans.! However, human activities like the burning of fossil fuels to
generate energy lead to an imbalance of the equilibrium and causes a warming of the planet.?
This climate crisis is expected to have drastic consequences for the planet's ecosystems and
will significantly affect humanity. The transformation to net zero emissions to stop the planet's
warming is the biggest challenge of this century. Therefore, reducing the energy demand is an
important goal for developing future technologies and materials. One large fraction of the
current energy demand is used for temperature management.® To reduce the demand in this
sector and to develop new technologies, it is fundamental to understand how heat is
transported. The contributions in this thesis revolve around the radiative energy transfer

pathway, but also conduction and convection need to be considered in many applications.

Heat transfer is present in everyday life. An example can be found in heat management in
buildings.* At low outside temperatures, heating raises the indoor temperature. Insulation is
applied to walls and roofing to reduce conductive and convective transport and to prevent heat
loss to the outside. For window systems, a gap (gas or vacuum) can act as insulation between
multiple layers of glass, but also a low emissivity coating can help to decrease heat loss by
suppressing the radiative heat transfer pathway.® In contrast, when the interior temperature is
uncomfortably high, air conditioning systems are used for cooling. Commonly used (active)
systems use electricity to displace the heat from the inside to the outside of the building. The
excess heat remains in close vicinity and causes a heat up of the direct surrounding. This
situation is especially problematic in urban areas, with a high concentration of air conditioning
units and reduced convection caused by taller buildings. The example of heat management in

buildings shows how interconnected the heat transport pathways are.

With the prospects of global warming, the demand for air conditioning is increasing, which will
exacerbate the described urban heat island effect and electricity demand for active cooling
systems.® A technology that can contribute to a solution for this problem is passive radiative
cooling. The fundamental idea is to use the natural cooling mechanism of the planet and design
surfaces such that they efficiently emit energy. This passive cooling strategy has the advantage
that no electricity is needed to drive the cooling process, and the displaced energy is
transported over larger distances. In fact, the radiative energy transfer pathway can be used

to dissipate heat to outer space, the ultimate heat sink.



The concept of passive radiative cooling was already applied more than 2000 years ago. Ice
pits were constructed in desert areas that operate with a combination of radiative and
evaporative cooling to freeze water.” In shallow water lagoons, a temperature drop below
freezing was achieved with radiative energy loss during night-time. Additionally, mud walls
were built on the southern, eastern, and western sides to prevent sunshine. This example from
the past shows the potential of passive radiative cooling. In the modern world, a multitude of
application scenarios for passive radiative cooling technology can be imagined and are already
tested. Systems that have paint-like applicability or are producible in a scalable fashion have
a clear advantage compared to highly optimized and complex materials.® Besides the direct
application as paint, panels that exchange the cooling power to a liquid are proposed and
tested to harvest the cooling power.® The cooled fluid is then integrated into air conditioning
systems and thus, reducing energy consumption.'® Another highly researched area is the
integration of passive radiative cooling in photovoltaic cells.'* 2 The reduction of temperature
has the potential to increase the efficiency of the cells.'* Another application is constructing
dew harvesting systems, including passively cooled surfaces to promote water condensation.#
The condensed water is collected from the surfaces and can supply arid regions with drinking

water, or the systems can be used for the desalination of saltwater.®

Besides those technical examples, passive radiative cooling can also be included for personal
thermal management.'® The human body temperature is above ambient temperature in many
scenarios. Clothing is applied (among other reasons) to preserve energy otherwise lost to the
surrounding. In case of exercise or higher ambient temperatures, the natural cooling
mechanism relies on the evaporation of water.!” Therefore, novel textile materials with

improved radiative heat management strategies are of great interest.'8 19

The mentioned examples show how impactful passive radiative cooling strategies can be.
Especially for applications and processes that involve higher temperatures, the radiative heat
transfer pathway becomes more important. To understand why and to develop new materials
and solutions or to improve existing systems, it is essential to understand the fundamentals of
radiative heat transfer. Following, the relevant principles for light-matter interaction and the

concept of radiative cooling will be briefly introduced.

Light-Matter Interaction

The fundamentals of understanding the interaction of light and matter root in the Maxwell
Equations. Light is treated as an electromagnetic wave with an electric and magnetic field that
oscillates spatially over time. For the application in the field of radiative cooling, mostly

dielectric materials are used. Therefore, the origin of their properties will be outlined here.



Except otherwise cited, the introduction mainly follows the descriptions in the book of M.

Modest.?°

In free space, electromagnetic waves travel with the maximum speed, known as the speed of
light c. In contrast, the speed of the electromagnetic wave cn, is reduced within a medium. This

ratio of propagation speed is known as refractive index n with

n=— (1)

Cm
The speed of the wave is reduced due to the interaction of the electric field with the medium.
For simplicity, dielectric media are considered nonmagnetic (permeability p = 1). The strength
of the interaction can be related to how well the medium can be polarized and is expressed
with the electrical permittivity en. For free space € = 1, and it follows:

tm === (2)
For dielectric materials, the electrical permittivity is larger than for free space. Hence the
propagation speed is reduced, and n > 1. Similar to the description of the refractive index for

a medium, the relative permittivity &, is introduced:

&p = —— ()
The relative permittivity of a material is a function of frequency v, and the frequency relates to
the wavelength A with:

A=- (4)

Therefore, the refractive index is also a function of wavelength n (A), which is commonly known

as dispersion. It is customary to introduce the refractive index as a complex quantity with

fi=n—ik (5)
Where n describes the propagation of the wave and the imaginary part k is used to describe
the loss (absorption). With the introduction of the complex refractive index, the electrical
permittivity of a medium also becomes a complex quantity that is related to the complex

refractive index with:

12

g = &' —ig" =7’ (6)

This expression is known as the complex dielectric function, which Lorentz described with a
series of harmonic oscillators.?* The series of oscillators is used to model the absorption
characteristics of dielectric materials. If a material's complex dielectric function or the complex
refractive index is known, optical properties like reflection or absorption characteristics can

even be calculated.



Optical Properties of Materials

If electromagnetic radiation is incident on a material, several phenomena can occur, depending

on the optical properties of the material.

Reflection Absorption Transmission
— P
—
v — — — —
—_— —_—

Figure 1.1: Schematic illustration of light-matter interaction processes.

At the surface of the material, parts of the electromagnetic radiation will be reflected. This part
is described by the reflectivity p of the sample as the fraction of reflected intensity liefiected tO

total intensity it With

— Irelﬂected (7)
total

The non-reflected part of the electromagnetic radiation will enter the material and propagate
there. Within the material, a fraction of the electromagnetic wave can be attenuated, which is

described by the absorptivity a and the fraction of absorbed intensity lassorbed

I
o= absorbed (8)

Itotal

If the material has a finite thickness, a fraction of the incident electromagnetic radiation can be
transmitted lyans through the material. This fraction with respect to the total incident intensity is

the transmissivity r and is defined as

I
= trans (9)
I total

The respective processes are schematically shown in Figure 1.1. For the event, energy

conservation must be fulfilled and therefore:

prtt+a=1 (10)
If a material is sufficiently absorbing (opaque), transmission can be neglected, and

equation (10) is simplified to

pta=1 (11)
Note that for real materials, typically, the surface exhibits a certain roughness. Depending on

the wavelength range of interest, this can have severe consequences for the penetration
4



behavior of the electromagnetic wave. The reflection properties at the interface can be
enhanced or attenuated, and consequently, the fractions of absorbed or transmitted radiation
are also affected. For real materials, the terminology of reflectance, absorptance, and
transmittance will be used, describing the properties of the actual material. In contrast,
reflectivity, absorptivity, and transmissivity will be used to describe an idealized material's

general mechanisms and behavior.

For the fundamental description of light-matter interaction, the medium was considered to be
homogeneous, and the interface was perfectly smooth. Within the material, fluctuations of
electron density result in local refractive index variations. At the interface, structural differences
like surface roughness affect the refractive index. This heterogeneity of the material can

change the trajectory of incident radiation, a process typically known as scattering.??

For the description of scattering for a perfectly spherical object, Gustav Mie solved the Maxwell
equations for different particle radius r to wavelength ratios. This analytical solution extended
the theory of lord Rayleigh from the 19" century for the scattering of very small spherical
particles with a more general solution of the scattering problem. The calculations of Mie
showed that for perfectly spherical individual particles, the scattering properties could be fully
described. However, based on the radius of the particle to wavelength ratio, simplified
equations are used. Conventionally, three different regimes are distinguished. Particles much
smaller than the wavelength (r<<A) are within the so-called Rayleigh regime. For particles with
sizes in the order of the wavelength (r = A), the Mie theory is applied. The scattering properties

of larger particles (r>>A) can be described with ray optics.

In real materials, multiple scattering centers are present, and with increasing material
thickness, multi-scattering becomes dominant. For materials with high symmetry, the multi-
scattering problem simplifies and follows Bragg's law for highly ordered systems like photonic
crystals.?® For unordered systems like paints, statistical considerations, and assumptions are
applied, and light transport can be described as a diffusive process. Within the field of radiative
cooling, scattering processes can be highly effective as a solar management strategy, a topic

that will be discussed in a later chapter.

The parameters introduced so far describe the processes for incident radiation on a material.
However, the quantity most relevant for the radiative heat transfer is the electromagnetic
radiation emitted by the material. The material parameter related to the emission is called
emissivity € (emittance) and describes the radiant intensity of a material Imateria COMpared to

that of a perfect emitter (blackbody) lpiackbody With

_ Imaterial (12)
Iplackbody



In thermal equilibrium, the emissivity of a material is equal to the absorptivity as described by

Kirchhoff's law of radiation

E=a (13)
This implies that if the absorption properties of a material are characterized, the emission
properties of that material are also known. Experimentally, the absorption properties are much
easier to access. Thus, Kirchhoff's law of radiation is widely applied to assess radiative cooling

materials.

Passive Radiative Cooling

Within the field of radiative cooling, researchers aim to utilize the radiative heat transfer
pathway to cool objects. In this section, the fundamentals of radiative heat transfer will be

briefly introduced.

An ideal object (so-called blackbody) at a given temperature T emits electromagnetic radiation
randomly in all directions. The emitted energy Epp is a function of temperature and wavelength
and is described by Planck’s law?°

2hc? 1

Epp = 25 ehc/kpTA _q (14)

Where h is the Planck constant, and kp is the Boltzmann constant.

The emission profiles for perfect blackbody emitters at different (ambient) temperatures in
Figure 1.2 reveal that the emission is mainly located in the near- to mid-infrared wavelength
region. The maximum of the emission shifts to smaller wavelengths with increasing

temperature while the overall emitted intensity is increasing.

a b
) )
— 373K
— 298 K
25— — 273 K
— 253K
N% 20
E
S 154
>
8
& 10
£
5_
0 T T | T T
0 10 20 30 40 50

Wavelength /pm

Figure 1.2: a) Blackbody intensity as a function of wavelength calculated with Planck’s law for
different emitter temperatures. For typical ambient temperatures, the emission is mainly
located at infrared wavelengths. b) Schematic of an emitter in a hemispherical enclosure with
the polar angle 6 and the azimuthal angle ¢.
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The total emitted power Py is received after spectral integration over all frequencies and
angular integration over the hemisphere above the emitter. Figure 1.2b shows an emitter in a
hemispherical enclosure. For the description, a polar coordinate system is used with the polar
angle 6 as the angle with respect to the surface normal and the azimuthal angle ¢. For the
total emitted power, angular integration is performed between 0 and 90° (11/2) for 6 and

between 0 and 360° (21) in azimuthal direction for the entire hemisphere:

o] 2T L
2
Pyp = f Ebbd)Lf f sin @ cos 8dOd (15)
0 0 0
And leads to the Stefan-Boltzmann law?® with the Stefan-Boltzmann constant o:

Pbb = O'T4 (16)
Therefore, the emitted power of a perfect emitter scales with T#. This connection implies that
radiative coolers at higher ambient temperatures potentially emit more energy than coolers at

lower ambient temperatures.

Planck’s law describes a perfect black body that emits (and consequently absorbs) radiation
of all frequencies. However, typically objects are non-perfect emitters and emit radiation
depending on their optical properties. The emitted power of a non-perfect emitter (grey body)
can be obtained by multiplication of the materials emissivity €(A) with the intensity of the
blackbody.

Pmat = Ppp " €(4) (17)

Examples of thermal emission profiles at room temperature (298 K) for real samples with
different emittances are shown in Figure 1.3. The example material with distinct emission
peaks (Figure 1.3a) has an overall reduced emission intensity compared to the blackbody. The
example also reveals that even with high emittance, the emitted intensity is still low for regions
with overall low blackbody intensity at the given temperatures. In the example case, towards
Near infrared (NIR) and Visible (Vis) wavelengths. In contrast, the second example material
(Figure 1.3b) exhibits high emittance for most Infrared (IR) wavelengths and, therefore, nearly
blackbody intensity.
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Figure 1.3: Comparison of relative radiation intensity for two real samples with a) distinct
emittance and b) broadband emittance. The Ideal blackbody spectrum is displayed in the
background, and the calculated sample emission is presented as a blue area, respectively.

To receive the total emitted power of a real material, the angle dependence of the emissivity
needs to be reviewed. While the emissivity of a blackbody and a grey body is, per definition,
angle independent (Lambert surface), the emissivity of a real material depends on the polar
angle and decreases for higher angles. An example of the angle dependence extracted from
the work of Rudisser et al.?* is presented for a Soda-Lime glass in Figure 1.4. The radiant
intensity follows the Lambert cosine law, and the actual radiant intensity is in close agreement

with the prediction for a Lambert surface.

Radiant Intensity 1(®)=1,cos ® Emissivity £(®)
— Soda-Lime glass ——Soda-Lime glass
0° === Lambert === Lambert

{171 —

0,8 4

0,6 1

04

0,2 1

0,0 iy | | . |
0,0 0.2 0.4 06 08 1,0

Figure 1.4: Angle dependence (polar angle 6) of the emissivity for a Soda-Lime glass
compared to the emissivity of a Lambert emitter (angle independent). The figure is adapted
from the original publication®* and used according to the permission granted under the Creative
Commons Attribution license (CC BY 4.0).

Assuming azimuthal independence of the emissivity, the total emitted power of a material is

described by?®

8



© (2T %
Poat = f f f sin6 cos @ £(T, A, 0) - Iy, (T, 1)dOdpdA (18)
0 0 0

Within the field of passive radiative cooling, materials are designed that exhibit a positive net
cooling power P that leads to a temperature reduction in thermal equilibrium. This net
cooling power is typically calculated by consideration of different contributions. The emittance
of the material is the main mechanism exploited for the cooling effect. However, different loss

mechanisms need to be considered. The equation for predicting the net cooling power is given

by:

Pcool = Pmat = Patm — Fsun — Pronrad (19)
It considers loss due to energy transfer with the atmosphere Pam, the power input caused by
solar absorption Psy,, and non-radiative contributions Pnonrag, affecting the energy balance due
to conductive and convective heat transfer. A schematic overview of the contributions is
presented in Figure 1.5. The following paragraph will discuss the origin, relationships, and

magnitude of the loss contributions.

solar radiation atmospheric radiation
Py

emitted radiation P*‘"‘&b
P

intrinsic losses
Pv'mwni

emitter

reflector

Figure 1.5: Schematic overview of the contributions to the net cooling power equation (19).
The example shows an emitter film on a reflective substrate surface. The figure is adapted
from the publication of Herrmann et al.?® and used according to the permission granted under
the Creative Commons Attribution license (CC BY 4.0).

For the energy exchange from the material to outer space, atmospheric transparency must be
considered. Earth’s atmosphere is a mixture of gases that partially absorb thermal
wavelengths. Without this absorption and the resulting greenhouse effect, the planet would be
significantly colder.?” Gases like nitrogen and oxygen are the main constituents of the
atmosphere but contribute very little to the overall absorption. The main contribution is from
water, carbon dioxide, and ozone and, to a smaller extent, also nitrogen oxides or hydrocarbon
compounds.?® The resulting transmittance of the atmosphere?® is used to model the angle-
dependent emissivity £(6) with

£(0) =a =1—gt/cost
(20)



This expression of the angle-dependent emissivity considers the atmosphere as a radiator and
is an approximation with the Lambert cosine law.3® With the emissivity of the atmosphere, the
radiated power from the atmosphere can be calculated similarly to the material radiance. For
the atmospheric power loss of the material also, the absorption properties of the material are

taken into account, leading to

T

2
Patm=27'[f
0

oo

sinfcos6 f Eop (A Tatm) * €mat(A) * Eatm (1) dAdO (21)
0

To minimize Pam, the material emissivity must be low in spectral regions where the atmosphere
is not transparent. However, reduced emissivity implies reduced material emission. The
delicate balance between emission and atmospheric loss leads to a complex relationship
between overall cooling power as a function of temperature. A typical example is a selective
emitter.?® A selective emitter is a material designed to specifically emit radiation in the first
atmospheric transparency window between wavelengths of 8-13 um. The emissivity in this
region is set to be 1, while for all other wavelengths, the emissivity is considered to be 0. The
other extreme is the broadband emitter case which considers an ideal blackbody with an
emissivity of 1 for all wavelengths relevant to emission at typical ambient temperatures

(>4 um). Ideal emissivity profiles of a selective and broadband emitter are displayed in

Figure 1.6.
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Figure 1.6: a) Comparison of the emissivity for a selective (red) and broadband emitter (black).
The atmospheric transparency is displayed in the background.?® b) Net cooling power for the
two emitter cases as a function of temperature for an ambient temperature of 298 K. Losses
by solar absorption or non-radiative contributions are excluded. The selective emitter has lower

cooling power at ambient but reaches lower equilibrium temperatures.

Both contributions to the cooling power Pma and Pam are a function of temperature, and the

equilibrium temperature is reached at Pcoo = 0. For comparing the two emitter cases, the
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cooling power is displayed as a function of material temperature in Figure 1.6b. Note that solar

absorption and non-radiative losses are not considered for this example (Psun = 0, Pnonrad = 0).

While the selective emitter provides lower cooling power at ambient temperatures, a positive
cooling power remains for colder temperatures below ambient. Consequently, a potentially low
equilibrium temperature of the emitter (Pcoot = 0) can be reached. In contrast, broadband
emitters have higher ambient and above ambient cooling power, but the reached equilibrium
temperatures will be higher than the selective emitter case. Idealized emitters with more
complex wavelength dependent emissivity were compared in the work of Li et al.3! For the full
description of the system, the additional losses of solar irradiation and non-radiative processes
need to be included. The origin and magnitude of these will be discussed in the following
paragraph.

The sun's power input can potentially vanish the cooling effect completely. Early works on
radiative cooling only considered the nighttime case, where solar irradiation is absent.3® 32 For
calculating the passive cooling potential, a solar irradiance of 1000 Wm2 is typically
considered. This value is the integrated solar irradiance of an Air mass (AM) of 1.5. The AM is
defined with AM = I/l with | as the actual length of a light beam through the atmosphere and
the shortest possible length at normal incidence l,. The actual solar irradiation can drastically
change depending on the season, irradiation angle, and atmospheric conditions like cloud
coverage.® For standardization, the American society for testing and materials recommends
using the AM 1.5 solar spectrum (ASTM G-173-03).34 A typical spectrum is shown in Figure
1.7 and can be described by a blackbody at a temperature of 5777 K. The spectrum considers
losses to the atmosphere by scattering or absorption, and the sun is positioned at an angle of
Bsun = 41.8° with respect to the surface normal. This aims to represent the year average for the

mid-latitude sun position.
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Figure 1.7: AM 1.5 solar spectrum (normalized) used as a standard for calculations.?* The
overall intensity distribution is represented by a blackbody with a temperature of 5777 K.
Absorption in the atmosphere leads to reduced radiance for specific wavelengths.

To minimize solar absorption, the radiative cooler should not absorb any light in the wavelength
range of solar irradiation. At the same time, the light should not be absorbed in the material
below the cooler; therefore, high reflectance needs to be achieved. The loss contribution due
to solar absorption Psy, can be calculated after integration, similar to the material emittance.
Angular integration for the emissivity is not necessary as the sun position is fixed for the AM 1.5

solar spectrum, leading to:

Poun = f Ianirs (A)  Emac(h Osan) dA (22)
0

Besides radiative contributions also, non-radiative losses need to be considered. Convection
from the surrounding gas phase and conductive losses via direct contact with the cooling

material are conventionally combined into one term:

Phonrad = "M(Tamb — Tmat) (23)
With h, the non-radiative heat transfer coefficient. The non-radiative power losses are a
function of material temperature and have a stronger influence if the material temperature
drops further below ambient. In actual applications of cooling materials, the non-radiative heat
transport pathways could be target pathways to harness the generated cooling power and
dissipate heat from a heat source. For the contributions in this thesis, typically, a value of
h = 4.4 Wm2K? is used for calculations as an average value. Depending on the experimental

system, the value can range from 0 (perfectly isolated) to 10 Wm2K (or more).*®

With the outlined concepts, researchers realized passive cooling properties within actual
devices with many materials and advanced concepts. The following section will briefly

summarize current state-of-the-art developments relevant to this thesis.
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State of the Art

Different researchers already described the concept of cooling surfaces by utilizing selectively
emitting materials decades ago.?® 32 -39 Back then, the idea was to find materials that
selectively emit within the atmospheric transparency window between 8-13 pum to reach low
temperatures during night-time. With the first demonstration of radiative cooling also during
daytime by Raman et al.*°, the research attention in this field greatly increased. In the last
decade, new materials, concepts, and strategies emerged to design radiative cooling
materials.?> 35 4142 |n the following section, key design concepts and materials will be briefly

introduced and summarized.

Tune emission properties

To create materials with the highest cooling power or that can reach the lowest equilibrium
temperature, the emissivity of the material needs to be optimized. As thermal emission at
typical ambient temperatures is located at infrared wavelengths, the optical properties in this
wavelength regime are most important. Tuning the emission properties is achieved by
selecting materials that intrinsically possess the desired properties or by optical engineering

with a certain structure.

The intrinsic material properties in the infrared region originate from vibrational transitions
within the material.** The molecular composition affects the frequency of the occurring
transition, and therefore, with the presence of a certain molecular motive, the
absorption/emission can be selected. Within the range of the atmospheric transparency
window (8-13 um or 770 — 1250 cm™?), deformation vibrations are predominant. Many materials
exhibit favorable absorptions from reoccurring molecular motives and their respective
deformation vibrations. Synthetic polymeric materials that include functionalities with bonds of
C-F, C-ClI, C-0, or C-N are possible candidates for passive radiative daytime cooling because
the frequencies of the respective deformation vibrations are likely to be in the correct range.**
The resulting flexibility is a clear advantage for selecting a suitable polymer. Researchers
demonstrated passive cooling with Poly(methyl methacrylate) (PMMA)*, Polyvinylidene
fluoride (PVDF)**, polymethylpentene (PMP)*, clear epoxy?®, or Polyvinyl fluoride (PVF)*’. An
example of a polymeric cooling material that consists of a porous copolymer of Polyvinylidene

fluoride-co-hexafluoropentene (PVDF-HFP)* is presented in Figure 1.8a.

An important polymer that is heavily investigated because of its favorable absorptions is
polydimethylsiloxane PDMS*®-!, The material consists of a Si-O connected polymer backbone
with Si-C connected methyl groups. This combination of molecular motives leads to a strong
and selective absorption within the atmospheric window. In combination with other properties

like low solar absorption, and low cost, PDMS is a simple but highly effective material for
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passive radiative cooling. The emissivity of PDMS can be further enhanced by the addition of
structure.®>** The structured surfaces exhibit lower reflectance in the emission regime, and
therefore, higher emittance is achieved. The additional emittance gain of this approach is
comparably low, as a plain PDMS surface already has an emittance > 90% in the atmospheric
window.%° However, this general strategy can be easily transferred to other polymers®®, offering

a versatile approach to fine-tune the emission properties.

The example of PDMS shows that also vibrational modes found in inorganic materials are
suitable for passive radiative cooling. Especially a variety of oxides like SiO*°, SiO,%¢, Al,O3%,
and SisN4*® were considered in previous works. Combining different inorganic materials in a
layered fashion is a common approach to optimize the emission of these structures. Photonic
materials with stacked layers of different oxides or nitrides can show exceptional selectivity.*°
%8-60 However, proposed heavily optimized photonic structures can consist of more than 30
layers with complex geometrical architecture.’* An Example of a photonic structure made from
alternating layers of SiO, and SizN4 with different layer thicknesses from the work of Yao et al.

is presented in Figure 1.8b.%°
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Figure 1.8: a) porous PVDF-HFP copolymer film adapted from the work of Mandal et al.*®
Reprinted with permission from AAAS. The inset shows the hierarchically porous
microstructure of the film. b) Photonic structure build from alternating layers of SiO» and SizNa
on a back reflector (BR). The design combines thermal emission and high solar reflectance.
Adapted with permission from ref*® Copyright © 2023 American Chemical Society. c)
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Schematic presentation of the Bio radiative cooling film proposed by Zhang et al.®? The material
consists of a composite of Al,03 nanoparticles in a PDMS matrix. The surface of the material
is structured with a pyramidal pattern to enhance the Vis-NIR reflectance. Permission to
reproduce for non-commercial use is granted under the PNAS license.

Another approach for realizing specific emissions is the combination of inorganic particles in a
polymer matrix. The theoretic potential of this approach was outlined by Gentle and Smith with
the combination of SiO; and SiC nanoparticles in a Polyethylene (PE) matrix.®®* They showed
that the particles strongly and selectively emit in parts of the atmospheric window, while the
matrix material contributes little when the overall film thickness is small. The selective nature
of the emission from Si-O and Si-C vibrations was later utilized within one material (PDMS),
as outlined before. After the initial demonstration of daytime passive radiative cooling with a
photonic structure*®, Zhai et al. prepared a composite material consisting of silica spheres in a
PMP matrix.®* This material achieved sub-ambient daytime cooling in combination with a silver
reflector and has the advantage of being producible in a roll-to-roll fashion. In recent works,
other matrix materials like fluorinated polyimide®, PMMA?®®, or Acrylic polymer systems®”:
were proposed. Further, particle materials like Al,O3%7, TiO2%, or BaSO4% gained increasing
attention. One example material that combines Al,Os; nanoparticles with a PDMS matrix is
presented in the work of Zhang et al.®® (Figure 1.8c). In general, the combination of particles
and a matrix material as a composite offers high flexibility in the selection of materials and the

resulting properties.

Besides the choice of materials, also particle size affects the optical response. In the theoretical
description of Gentle and Smith, the particle diameter was small (50 nm) compared to the
wavelength range of interest (8 — 13 um), and the film was considered an effective medium.53
In contrast, the composite material demonstrated by Zhai et al. used larger particles with 8 pm
in diameter, leading to a broadband emitter.®* Therefore, for the design of a composite material,
the particle size must be chosen accordingly. Note that the particle size also significantly
influences the material response to solar wavelengths. This interaction will be discussed in the

following section about solar management.

Solar management

To realize passive radiative cooling below ambient during daytime, the absorption of sunlight
needs to be mostly prevented. This is only achievable by high solar reflectance, as transmitted
sunlight will be absorbed by underlying layers within the system eventually. For maximized
cooling power, no sunlight absorption is the best case. How much solar absorption can be
tolerated depends on the exact atmospheric conditions, the material emission properties, and

the power and irradiation angle of the sunlight.
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Figure 1.9: Schematic overview of solar management strategies. The solar filter (a) is
introduced above the emitter and prevents solar absorption but is transparent for infrared
emission. A metallic reflector (b) below the emitter reflects solar wavelengths. The emitter
ideally absorbs no sunlight for this approach. c) within a structured emitter material, scattering
of solar wavelengths leads to high overall reflectance, and no additional reflector is needed.

For high solar reflectance, three main concepts are currently used and discussed. The three
concepts are schematically displayed in Figure 1.9. The solar filter approach Figure 1.9a
utilizes the frequency differences between solar irradiation and thermal emission. A cover
material is designed above the thermal emitter that is mostly transparent for thermal radiation
but reflects sunlight. Early works proposed pigmented polymer foils™ " but failed to achieve
the necessary reflectance to cool below ambient temperature. In more recent works, porosity
was introduced to achieve a solar reflectance of 92 %2, and 95 % after further optimization.”
While this approach offers more flexibility in the choice of the emitter material, the thickness
required for the high reflectance has the drawback of reducing the transmittance within the

atmospheric transparency window below 80 %.

The second concept is to use a solar reflector layer below the emitter material Figure 1.9b.
This approach is widely adopted in recent works that demonstrate passive radiative daytime
cooling.*®5% 7 Typically, metal layers like aluminum or silver are used, as they offer high solar
reflectance and are easy to apply. While aluminum is cheaper, the lower solar reflectance of
86 to 91 % compared to silver with 92.5 to 95.5 % is not ideal for maximum cooling

performance.”

The third approach aims to design the emitter material such that it combines the properties of
high emittance in the IR and high solar reflectance (Figure 1.9¢). This was demonstrated by
Mandal et al. in a recent work.*® A dual solvent system was used to prepare a hierarchically
porous PVDF-HFP film. A solar reflectance of 97 % could be demonstrated while the material
strongly emits thermal radiation at the same time. The introduction of a scattering structure in
the form of pores is the second widely used approach for solar management.’®8* With this
strategy, the commonly used metallic reflection layer can be omitted, but the fabrication of

porous structures can be a challenging task, depending on the target emitter material.

From the proposed approaches, the metallic reflectors are the easiest to realize, and

substrates are commercially available. The use of reflector substrates, therefore, enables the
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direct comparison of different emitter materials, and they can be used as simple reference
material in field tests. Throughout this thesis, metallic reflectors are the main tool for solar
management in chapters 6,7 and 8. However, chapter 5 presents an alternative approach that

relies on the reflectance of a colloidal assembly.

To describe the optical response within assemblies of particles or pores, Mie theory is
applied.*® If particles are assembled in an ordered structure, additional optical effects can be
achieved. For example, in colloidal crystals, a close-packed assembly of colloidal particles,
certain wavelengths are strongly reflected.® This causes the assembly to exhibit iridescent
(angle-dependent) structural colors that can be tuned by changing particle size.®® The
fabrication and properties of these materials were studied with great detail.®” In contrast to
highly ordered systems, also disordered assemblies are of great interest. Within these non-
close packed systems, the light transport can be described as diffusive, and the coloration
caused by individual Mie resonances and short-range order is angle independent.® 8 For
passive cooling, these systems are especially interesting because disordered systems can

show remarkable scattering efficiency even for thin layers and low refractive index materials. "
91

Apart from synthetic materials, also naturally occurring systems can show passive radiative
cooling. One example found in nature is the Saharan silver ant (Figure 1.10a). With the intricate
structure of its chitin hairs (Figure 1.10b), the ant can maintain a below-critical body
temperature, even with direct sunlight illumination in the Sahara desert. The study of the
underlying mechanisms by Shi et al.®? revealed that the hair structure enhances the solar
reflectance while simultaneously decreasing the reflectance for infrared wavelengths (thus
enhancing the thermal emittance). Besides this example, other structures found in nature are
of great interest for Bio-inspired photonic materials (also beyond the field of radiative
cooling).®® % In nature, the evolutionarily developed photonic structures serve different
functions, from thermal management to camouflage. To mimic these structures for passive
cooling, different beetle species are especially interesting. A random network structure within
Cyphochilius and Lepidiota stigma beetles showed exceptional scattering properties for
comparable low thicknesses and refractive index of the material (Figure 1.10c and d).%®
Another example is the shell/hollow cylindrical structure found in the Goliathus goliatus beetle,

which exhibits omnidirectional reflectance for solar wavelengths.%
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Figure 1.10: a) picture of a Saharan silver ant that displays the reflective appearance of the
ant's body. The scale bar is 5 mm. b) A Scanning electron microscope (SEM) image with a
cross-section of the ant's hairs reveals the hierarchical structure of the triangular hairs. The
scale bar is 2 um. The images are adapted from ref.%? Reprinted with permission from AAAS.
c) A photograph of the Cyphochilius beetle shows the white appearance of its scales. d) SEM
micrograph of the scale cross-section reveals an unordered network structure. The scale bar
is 2 um. The figure is adapted from the original work®® and used according to the permission
granted under the Creative Commons Attribution license (CC BY 4.0).

Attempts to mimic biological structures with polymeric material is a common approach in recent
literature.? 9% 97°9 However, the actual material the structures are made of in nature (chitin)
and its water-processable form (chitosan) received little attention in the field of passive
radiative cooling (a detailed study of these materials is presented in Chapter 7). In contrast,
cellulose, the chemically similar and most abundant polysaccharide on earth'®, was studied
more comprehensively. In a recent publication, Li et al. presented passive daytime radiative
cooling with a material that consists of aligned nano cellulose fibers extracted from wood.'!
Other works used cellulose in combination with silica particles!®? or prepared a material from

cellulose acetate® for the purpose of passive radiative cooling.

Besides cellulose also, silk was investigated as a biomaterial for passive radiative cooling®,
and a silk-inspired system was presented.'® Especially the high reflectance for visible
wavelengths in natural silk is a clear advantage of the materials. The origin of this property
was found to be rooted in the randomly distributed nanofibrils within the individual silk fibers.
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This intricate structure hinders the free diffusion of light (Anderson localization), resulting in
high reflectance.1®

The presented examples show that, in nature, the combination of material and structure leads
to advantageous effective properties. For the application or transfer to passive radiative cooling
systems especially, the light scattering mechanisms are interesting to improve solar
management strategies. But also, the used materials are a source of inspiration for
biocompatible and sustainable passive cooling systems.
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2. Method Section

With the demonstration of below ambient passive daytime radiative cooling and the newly
gained interest in the concept, also new characterization methods were developed to assess
the material performance. In this section, a summary of the current state-of-the-art methods

and technical challenges for optical characterization relevant to this thesis are described.

Rooftop Experiment

The actual demonstration of passive radiative (daytime) cooling is mainly done in a field test.
The sample is exposed to the atmosphere and outer space for the radiative energy exchange
to take place. To evaluate the overall cooling performance of a material, two strategies are
widely adapted: The measurement of the equilibrium temperature in a steady state or the
measurement of the cooling power with a feedback-controlled system to hold the temperature

at a constant value.>®

Temperature measurement

The setup for the measurement of equilibrium temperature typically consists of a temperature
sensor below the sample to track the sample temperature. The sample is placed in an isolating
enclosure (foam) to minimize conductive losses. A thin PE cover foil is used to prevent
convective losses, which prevents air exchange to the outside of the enclosure. At the same
time, the cover is mostly transparent for infrared and solar radiation, not to strongly interfere
with the radiative balance of the sample system. Below the sample, a highly thermally
conducting metal plate can be used to ensure a homogeneous temperature distribution. An

I 106

example setup as used by Li et a is shown in Figure 2.1a.

For the actual measurement, the setup is presented to the atmosphere under outside
conditions. An elevated position is chosen (rooftop) to access the entire hemisphere and to
avoid radiative thermal contact with other objects like buildings or vegetation. More advanced
constructions can include a cover frame to change the accessed angle range of the
emittance.®® Another option is to block direct sunlight illumination during the daytime with a

shading cover.'%’
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Figure 2.1: a) Typical Rooftop setup for measurement of the below ambient temperature as
presented in the work of Li et al.’°® A thermocouple below the sample (photonic film) monitors
the temperatures. Foam insulation is applied to prevent conductive losses, and a PE cover film
reduces convective losses. For an even temperature distribution, this setup includes an
aluminum plate. The ambient temperature is monitored next to the setup with a weather station
(Stevenson screen). A picture of the actual setup is shown in panel b). Adapted with permission
from refl% copyright © 2021 Wiley-VCH GmbH. b) From the work of Mandal et al.*® Reprinted
with permission from AAAS.

As the emitted power (and consequently, the equilibrium temperature with respect to ambient)
is a function of ambient temperature, the surrounding temperature must be monitored. The
ambient temperature measurement is equally important, as it marks the reference point for
below-ambient cooling. Where this temperature is measured is ambiguous and, thus, reduces
the comparability of results. Sometimes, the ambient temperature measurement is performed
either next to the setup®® % or integrated into a weather station.”* 1% The reference
temperature measurement within the sample box can result in thermal contact between the
sample and reference and is consequently not ideal. A possible solution is presented in
chapters 6 and 7 with the construction of multiple equally designed test boxes, where one is

designed for the reference measurement.

Power Measurement

The second commonly applied option to evaluate the material performance aims to measure
the cooling power of the sample.®* 109 110 The overall approach and setup follow a similar
design as the temperature measurement. However, in this approach, a feedback-controlled
heater system below the sample holds the temperature constant. An example setup for this
measurement approach is presented in Figure 2.1b. The power input to drive the heater is

monitored and directly translates to the overall cooling power. If the system is held at ambient
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temperature, the non-radiative losses are greatly suppressed and ideally vanish, as they are a
function of temperature difference with respect to ambient. By setting different temperatures
below and above ambient, the non-radiative heat loss coefficient of the setup can even be
determined.”

Indoor Experiment

One main challenge for all setups is the comparability of obtained results. The atmospheric
conditions and solar irradiation fluctuate depending on the exact location and time with
seasonal and daily changes. The temperature or power measurements for the samples are
supplemented with additional measurements of the total solar irradiation, wind speed, and
humidity. For these data, the standardized methods developed by meteorologists can be
utilized, and instruments are commercially available. However, the direct comparison of two
materials is only possible by measuring them simultaneously and in the same location with

identical setups.

One way to become independent of atmospheric conditions would be to construct an artificial
measurement setup. A first attempt was shown by Zhou et al. with a liquid nitrogen-cooled
container, including an absorber as a heat sink.%° In the work of Park et al., a similar setup is
demonstrated that even includes a solar simulator to emulate solar irradiation during
daytime.'! One attempt is also presented in this thesis in chapter 8, but to mimic all aspects
of the outside measurement (sun, atmospheric selectivity, and outer space) perfectly, remains

a challenge.

Characterization Techniques for Optical Properties

The optical properties of a material are key to tailoring the radiative energy exchange of the
material and its surrounding. For incoming radiation (loss), the absorption properties over the
entire spectrum of electromagnetic radiation are relevant. In contrast, the energy radiated off
by the material depends on the emission properties and the temperature of the material, as
described by Planck’s law. For the application as a passive radiative cooling material, the
wavelength range of interest is localized between the UV-Vis region and the far-IR.
Consequently, to predict the performance of passive cooling materials, the optical properties
need to be known for this large wavelength range. In the following section, the technical
aspects of measuring the broadband optical response of materials (as performed in this thesis)

are briefly discussed.

Experimentally spectroscopic techniques are employed to measure the reflectance and
transmittance of the sample material directly. The absorptance, and consequently, emittance,

is then calculated considering energy conservation as introduced in equation (19). Because
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the wavelength range of interest is large, typical instruments cannot probe the entire range of
interest. However, with a UV-Vis and Fourier-transform infrared (FTIR) spectrometer (which
are commercially available), most of the relevant wavelengths can be investigated. A typical
setup includes a radiation source that illuminates the sample, and the transmitted/reflected
intensity is detected. Wavelength discrimination is either achieved with an optical grid to select
individual wavelengths (UV-Vis), or an ensemble signal is collected, and in combination with
an interferometer, a spectrum is extracted with Fourier transform of the signal. With respect to

a reference measurement, the quantity of interest is finally extracted.

a) transmittance b) reflectance

sample

-

|
\ 4

detector

Figure 2.2: lllustration of the light propagation within an integrating sphere for transmittance a)
and reflectance b) geometry, respectively. The reflected or transmitted light is diffusely
distributed within the integrating sphere, and the detector (bottom of the sphere) measures an
average illumination signal.

For samples that include inhomogeneities like structures or in composite materials, scattering
of transmitted or reflected light needs to be considered. An integrating sphere is included in
the measurement geometry to collect scattered light intensity.*? The measurement geometry
for transmittance and reflectance is schematically displayed in Figure 2.2. The sphere is made
of a material that is highly reflecting in a diffuse manner. For the UV-Vis wavelength range,
fluorinated polymers or BaSO, coatings are used, while for IR wavelengths, a diffuse gold
coating is applied to the sphere surface. The sample is mounted at an opening of the sphere,
and the transmitted or reflected light is diffusely distributed within the sphere. The
measurement signal is the average illumination intensity of the sphere with respect to a
reference sample. The signal is collected with a detector that is ideally placed such that
specular reflected or transmitted light does not reach the detector directly (overestimation of
average illumination). The quantity of interest is not measured with perfect accuracy, as the
sphere needs to have an opening for the incident beam, and the sample needs to be mounted
to cover parts of the sphere. A fraction of the light will, therefore, escape the sphere or is not
contributing to the average illumination in an equal manner. In general, with a larger integrating

sphere diameter, a smaller fraction of the sphere surface is needed for openings, and the
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accuracy is higher. This is especially relevant if different instruments and spheres are used as
required to investigate passive radiative cooling materials. Another challenge is the selection
of a reference sample for the integrating sphere measurement. A mirror reference is
recommended for mostly specularly reflecting surfaces, while for rough, structured, or

composite samples, a diffuse standard is chosen.

An example measurement for a film that scatters light is presented in Figure 2.3. The
transmittance measured for normal incidence and detection in the normal direction is below 80
% for the entire measurement range. However, a measurement with the integrating sphere
that also collects scattered light reveals that the overall transmittance is even above 80 % for
the entire wavelength range. Without the integrating sphere, the transmittance is

underestimated, and therefore, the absorptance of the sample is overestimated.
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Figure 2.3: a) Comparison between normal and integrated transmittance for an example
polymer composite film with scattering particles. The detected transmittance intensity is much
higher if the scattered light is included. b) Changeover region between the UV-Vis and FTIR
spectrometer with overlap of the traces between wavelengths of 1.3 um - 2.5 um. Quantitative
agreement between the two measurements at the different instruments is found.

Besides the recognition of scattering contributions, another challenge for the experimental
measurement of the optical properties is the large wavelength range of interest. To cover the
wavelength range from UV to IR, different instruments are used with multiple light sources,
detectors, and reference samples. The large number of components leads to multiple
changeover points within the measurement, and following, the critical wavelength regions will

be briefly introduced.

The most dominant changeover is between the UV-Vis and FTIR spectrometer. Two example
spectra are presented in Figure 2.3b for transmittance measurements at the respective
integrating spheres. The UV-Vis measurement range extends up to a wavelength of 2.5 um
while the FTIR spectrometer measurement starts at 1.3 um. An overlap region is apparent,

and very similar transmittance is found for the sample. To calculate the cooling performance
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of materials, the spectra are combined by cutting both spectra at 2 um as the edges of the
probed range show increased noise (especially for FTIR due to low light source intensity for
these wavelengths). If a disagreement between the two instruments occurs, different factors
can be the cause. The spot size between the instruments is different, and for inhomogeneous
samples, the measured quantity can deviate. Other reasons for a disagreement could be the

sphere size difference or the choice of reference material.

Other critical changeover points are located in the Vis region of the spectrum. To cover the
entire measurement range (0.25 um — 2.5 ym) within one instrument, two light sources, two
grids, and two detectors are used. One difficulty for the detector changeover is the polarization
dependence presented in Figure 2.4a. The example sample is measured in transmission
geometry, and a polarizer is included within the measurement path. The two polarization
directions are measured individually, and a step in transmission intensity can be observed at
the detector changeover wavelength (1.05 pum). After averaging the two measurements, the
step vanishes. Polarization effects are most visible at the changeover points as the detector is
polarization sensitive, and optical components like the grid for wavelength selection will
partially polarize the incident beam.'® The step can be severe, especially for samples with a
certain anisotropy. If no polarizer can be included in the beam path, two measurements can
be averaged after rotating the sample by 90°, respectively. This technique can potentially
reduce the step (for example, at the port of the integrating sphere).

Another reoccurring difficulty for samples investigated within this thesis is related to an
interference effect visible for thin films. Figure 2.4b shows a transmittance experiment
performed on a thin polymer film. An oscillating transmittance intensity is apparent that
originates from the interference of the directly transmitted beam with the partially reflected
beam at the interfaces of the film. The amplitude of the oscillations changes at a wavelength
of 0.85 um, the detector and grid changeover point for this experiment (dashed line). To
elucidate the change in intensity, a series of experiments are presented in Figure 2.4c and d
that were measured at the same sample with different spectrometer settings. The sample is a
thin film on a reflective substrate, and the presented traces are vertically shifted for better
comparison. The changing parameter is the set spectral bandwidth (SBW), a parameter that
describes the width (full-width half maximum) of the incident wavelength distribution after the
optical grid. The SBW is controlled with a slit opening after the grid within the spectrometer.
With higher spectral bandwidth (slit open) overall, more light intensity is achieved, and the
signal-to-noise ratio is improving. However, the wavelength resolution decreases, and the
interference effect is less resolved. Thus, the amplitude of the oscillations decreases. This is
also the case if the sample region is inhomogeneous, as the interference effect is sensitive to

the sample thickness. Changing spectral bandwidth can lead to abrupt intensity fluctuation and
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occurs at the grid and detector changeover point (Figure 2.4, dashed line). This challenge can
be solved with fixed SBW, however, overall at the cost of wavelength resolution and reduced

signal-to-noise ratio towards the infrared region.
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Figure 2.4: a) polarization-dependent transmittance measurement with detector changeover
at 1.05 ym. The jump in transmittance intensity at the changeover point can be diminished by
averaging both polarization directions. b) transmittance measurement of polymer thin film with
periodically fluctuating intensity caused by interference of the primary beam with the double
reflected beam. The dashed line marks the detector and grid changeover point for the
measurement. c¢) reflectance measurement of polymer thin film on a reflecting substrate with
different spectral bandwidth settings. The traces are shifted vertically for a better overview.
With lower spectral bandwidth towards infrared wavelengths, the noise level increases. d)
zoom-in around the detector and grid changeover point (dashed line) reveals a higher
resolution of interference (increased amplitude of oscillation) for smaller spectral bandwidth.
Different spectral bandwidths before and after the changeover lead to a jump in intensity.

Polymeric thin films are a common sample type throughout different contributions of this thesis,
and investigating and solving the described challenges was an integral part of my work.
However, the technical aspects of the measurements are of minor importance in the context

of the individual contributions and will not be further discussed in the following chapters.
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3. Thesis Outline

3.1 Synopsis

This thesis presents new design strategies, materials, and characterization methods for
passive radiative cooling. Five individual contributions are included that treat different aspects
of how optical properties influence radiative heat transfer. A schematic overview of the different

contributions of this thesis is presented in Figure 3.1.
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Figure 3.1: Schematic overview of the content presented within this thesis. Chapters 5 — 7
discuss different design aspects of Materials for passive radiative cooling. Chapters 8 and 9
present advancements in radiative heat transport characterization.

In the first part of the thesis (chapters 5 — 7), different material design aspects for passive
cooling materials are investigated. Chapter 5 presents a novel synthesis method for colloidal
polymer particles with gradually increasing size. The work of this contribution has been
conducted in cooperation with Marius Schéttle. Individual fractions of particles were extracted,
and their size and optical response in crystalline assemblies were analyzed. A colloidal glass
was assembled from the individual fractions with a continuous size gradient from bottom to
top, and the reflectance of these novel assemblies and suitable reference systems were
studied with spectroscopy. The unique broadband reflectance of the gradient mesostructure is
a feature that expands the toolbox of solar management strategies for passive radiative

daytime cooling.

In chapter 6, the role of another material parameter of radiative daytime cooling materials is
discussed: layer thickness. A theoretical framework enables the calculation of the material

cooling performance solely based on complex refractive index data. The theoretical

29



calculations are verified by comparing samples with different layer thicknesses. This
comparison includes extensive optical characterization over a broad wavelength range from
UV-Vis to mid-IR. The study reveals an optimum thickness for both daytime and nighttime
operation. In chapter 7, the cooling potential of flms made from the Bio-derived materials
Chitosan and Chitin are evaluated in detail. A transformation reaction between the two
polymers is presented that can be performed in the solid state. To quantify the reaction
process, solid-state nuclear magnetic resonance (NMR) spectroscopy is applied. The water
processability of chitosan becomes a drawback in an outside application. Thus, the water
stability of chitosan and chitin is assessed in a dissolution experiment. Additionally, the cooling

performance is estimated based on the optical properties and confirmed in a field experiment.

The second part of the thesis revolves around methods developed to characterize the radiative
heat transfer properties of materials. To quantify the radiative cooling performance, rooftop
experiments are widely performed. Chapter 8 presents an indoor setup that aims to mimic
typical outside conditions for field tests of radiative cooling materials, which has been
developed in cooperation with my colleagues Qimeng Song and Thomas Tran. The setup
enables reproducible characterization of the passive cooling properties independent of outside
conditions. A hemispherical dome is used to resemble the radiative energy transfer problem
of the earth’s surface to outer space. With the addition of a mid-IR filter, even atmospheric
selectivity is introduced to this artificial system. Finally, chapter 9 presents how the radiative
energy transfer experiment of a sample in the hemispherical dome can be adapted to
characterize textile materials. Specifically, it is investigated how the optical properties of a dual-
sided textile fabricated by my collaborator Qiang Gao affect the radiative energy loss from the
human body to the surrounding. Following, the results of the individual contributions to this

thesis will be summarized.
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The first contribution (Chapter 5) presents a synthesis method for colloidal polymer particles
to obtain particles with gradually increasing size, which was developed by my colleague Marius
Schottle. Fractions of the synthesized particles can be stored in a tube with the introduced
controlled emulsion extraction process (CrEEP). Each fraction contains a distinct particle size
that increases in subsequent fractions with a longer reaction time.

The stored fractions were used to produce different colloidal glass assemblies to study their
optical properties. One set of glasses consists of particles with uniform sizes but different
diameters (Figure 3.2a and b). The optical properties of these assemblies were compared to
a bilayer colloidal glass (Figure 3.2c) and a continuous gradient assemblie. To prepare the
continuous gradient, the fractions were gradually assembled with increasing size, resulting in
a colloidal glass with continuously increasing particle size (Figure 3.2d).
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Figure 3.2: Optical microscopy images displaying cross-sections of different colloidal glass
assemblies (a — d). The scale bar is 50 um. e)-f) Respective UV-Vis reflectance spectra of the
presented colloidal glass assemblies measured with an integrating sphere. The inset in f)
shows the measurement geometry. The backing layer attaching the samples to a substrate
has negligible reflectance (dashed line). The figure is adapted from the original publication!*

and used according to the permission granted under the Creative Commons Attribution license
(CC BY 4.0).

The reflectance of the respective assemblies was measured with a UV-Vis spectrometer at the
reflectance port of an integrating sphere. With this measurement, the specular and diffuse
reflected light is collected. The samples were mounted on supporting glass substrates with
sticky carbon tape as an adhesive layer, as freestanding samples were not stable enough.
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While ordered assemblies show distinct reflectance peaks due to the long-range order and
fixed interparticle distance®, the response of colloidal glasses is fundamentally different. In
disordered systems, Mie resonances of the individual particles show angle-independent
coloration obscured by diffuse light scattering. This optical response can be observed in the
resulting reflectance spectra of the individual particle glasses Figure 3.2. Both assemblies
exhibit a reflectance peak at different wavelengths (small at 420 nm, large at 580 nm) due to
their respective Mie resonance. A contribution from the adhesive backing layer is minor

compared to the overall reflectance of the assemblies.

In contrast, the gradient mixture exhibits a less pronounced reflectance peak at ~515 nm. With
particles of different sizes, the respective Mie resonances are expected to overlap to one
continuous reflectance response. The unexpected reflectance peak of the gradient mixture is
not the response of formed crystallized particle clusters, as an SEM analysis revealed a
statistical distribution of particle sizes. Analysis of simulated pair distribution functions reveals
that a certain particle correlation (short-range order) persists for the gradient mixture.
Therefore, we attribute the more pronounced reflectance of the gradient mixture to this
correlation. In contrast, the continuous gradient assembly has broad reflectance for the entire

wavelength range between the expected resonances of the particles.

This behavior is especially interesting for applications where broadband reflectance is
required. With the variation of size range and particle type, the presented approach can be
used to realize the strong reflectance of a target wavelength range. In the context of passive
radiative cooling, broadband reflectance is required to prevent the absorption of sunlight. By
extending the plateau region in the reflectance spectrum gradient, colloidal assemblies could
realize the necessary reflectance. The contribution shows one example of how to improve solar
management strategies for passive radiative daytime cooling. Besides strong solar reflectance,
the systems for passive radiative cooling should have high thermal emittance and low solar
absorptance for good performance. These aspects are the focus of the second contribution of

this thesis.

In Chapter 6, we extended the methods for predicting the performance of materials for passive
radiative cooling. Specifically, we studied the effect of layer thickness on the overall
performance. While parameters like broadband or selective emitter and angle selectivity were
previously regarded in detail in the literature, the contribution of material thickness received far
less attention. Typically, an emitter material thickness was chosen to be sufficiently emissive
within the atmospheric transparency window. However, this does not consider changes in solar

absorption or emitter selectivity with varying thicknesses.

To address the thickness dependence, we used available complex refractive index data of

typical polymeric materials to calculate the optical properties. An example of PDMS is shown
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in Figure 3.3. The calculation yields the absorptance as a function of wavelength, a quantity
also accessible by spectroscopic analysis. For the experimental verification, very simple
radiative cooling films were prepared. They were built by combining a silver mirror for solar
reflection and PDMS films of different thicknesses as emitter layers. Figure 3.3 compares the
absorptance spectra of actual samples with known thicknesses (Figure 3.3a) and calculated
spectra (Figure 3.3b).

The calculated spectra show that thin layers also show substantial absorptance for
wavelengths with a high absorption coefficient k. In contrast, wavelengths with low magnitudes
of k are only absorptive for thicker layers. Therefore, the layer thickness affects the sample's
thermal emission and the loss of cooling power due to solar absorption or atmospheric
radiation. The presented material transitions from selective emission within specific

wavelengths for a thin film to unselective and broadband emission for thicker layers.
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Figure 3.3: a) UV-Vis absorptance spectra calculated from integrating sphere experiments (1-
R) for PDMS films with different thicknesses measured on a reflective silver mirror. The
spectrum of the plain mirror is shown for reference. b) simulated absorptance spectra for the
PDMS film thicknesses presented in a). The figure is adapted from the original publication?®
and used according to the permission granted under the Creative Commons Attribution license
(CC BY 4.0).

The cooling performance of the material can be estimated after calculation of the respective
emitted power of the material and consideration of loss due to atmospheric back radiation or
solar irradiation. Discrimination between daytime and nighttime case (with and without solar
irradiation) is practical. The calculations reveal a thickness dependency of the individual
contributions. A positive net cooling power translates to a temperature reduction of the material
until an equilibrium temperature is reached with Pcool = 0. The expected temperature reduction
below ambient as a function of layer thickness (Figure 3.4a and c) reveals an optimum layer
thickness for both day- and nighttime cases. The dotted line depicts the respective layer
thickness with the highest cooling power. Consequently, the thickness with the highest

possible cooling power at ambient temperature differs from that with the lowest possible
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equilibrium temperature. This result is highly relevant for practical applications of passive
cooling materials, as the material can only be optimized for one case. The calculated trend
was also validated with a rooftop experiment. The temperature reduction compared to a plain
substrate was measured for samples with thicknesses from hundreds of nanometers to several
millimeters. The measurements (Figure 3.4b and d) confirm the predicted trend and reveal an

optimum thickness for the daytime case.
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Figure 3.4: Cooling power (color coded) as a function of the material thickness (x-axis) and
temperature difference to ambient (y-axis) for daytime- (a) and nighttime-case (c). The dotted
line depicts the thickness with maximum cooling power. The measured temperature reduction
of actual samples with distinct thicknesses is presented for daytime- (b) and nighttime-case
(d). The error bars are the standard deviation of the average measurement interval. The figure
is adapted from the original publication?® and used according to the permission granted under
the Creative Commons Attribution license (CC BY 4.0).

The shown optimization can be applied to other materials if complex refractive index data are
available. This transfer based on optical properties can be challenging for complex
architectures like composites or structured materials, as calculations or measurements for the
relevant wavelength range are difficult. However, even if the calculation from complex
refractive index data is not possible, after the measurement of the absorptance, the cooling
power can be estimated and determined for different sample thicknesses. Note that for the
calculation from measured absorptance data, the angle dependence of the emission is not

considered, as the integrating sphere measurement does not discriminate the emission angle
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but measures an ensemble signal. However, predictions for the optimum thickness (range) are

made that can be verified in a field test.

For the application of passive cooling materials, more factors than performance optimization
must be considered. One of those factors is the persistence time of the material in the
environment. Especially for state-of-the-art cooling materials that use fluorinated polymers,
very long persistence times can be expected.!'® Alternatives are materials commonly found in
nature, as they are known to be compatible with ecosystems. Strategies found in nature, like
certain composites or structures, have also served as inspiration for advanced artificial
materials.®® Chapter 7 focuses on the biomaterials Chitosan and Chitin and their potential for

passive radiative cooling.

Chitin is the acetylated form of the polysaccharide pol-N-glucosamine (Chitosan). The
chemical structure of the two materials is very similar (Figure 3.5a), and conversion can be
achieved with an N-acetylation or deacetylation reaction, respectively. Compared to many
other polymer systems, chitosan has the advantage of being processable from a slightly acidic
agueous solution. After processing, chitosan can be transformed into chitin while retaining its
solid-state structure. This combination of properties offers high flexibility for the application of

the material.

To evaluate their potential for passive cooling, a set of Chitosan and Chitin films was produced,
and their optical properties were compared (Figure 3.5b and d). As outlined in Chapter 6, the
material thickness significantly influences the optical properties. Therefore, a set of different
film thicknesses were realized. A silver mirror was used as a back reflector, an easy way to
achieve high overall reflectance for solar wavelengths. The presented samples show very low
solar absorption, between 3.1 % and 6.9 %, respectively. At the same time, a multitude of
absorption peaks can be observed towards the IR region. Due to the diversity of functional
groups within the chemical structure, a large variety of absorption frequencies can be expected

that lead to the respective absorption resonances.
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Figure 3.5: a) Chemical structure of poly-N-glucosamine (Chitosan) and its acetylated form
poly-N-acetyl glucosamine (Chitin). UV-Vis and IR absorptance spectra of Chitosan b) and
Chitin d) samples on reflective silver mirror substrates. The absorptance of the plain substrate
is shown for reference. Calculated cooling power (based on the measured optical properties)
as a function of temperature for Chitosan c) and Chitin e), respectively. The calculations
discriminate between daytime (dashed) and nighttime (full). The intersection at P¢oo = 0 is the
predicted equilibrium temperature with respect to ambient. The figure is adapted from the
original publication!'® and used according to the permission granted under the Creative
Commons Attribution license (CC BY 4.0).

For thin films, the individual absorption resonances can be resolved. Based on the observed
absorptance, the material is expected to show passive cooling behavior between selective and
broadband emitter cases, as it strongly absorbs within the atmospheric window but also outside
of it. In contrast, thicker films are mostly opaque to IR radiation and, therefore, a broadband
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emitter. The spectral data are used to calculate the cooling power as a function of material
temperature. For both, Chitosan (Figure 3.5¢) and Chitin (Figure 3.5e), the equilibrium
temperature (the relative temperature at Pcoo = 0) is negative. Therefore, based on our
calculations, all presented samples are expected to show below ambient radiative cooling for
both daytime- and nighttime-case.

The sample temperatures were recorded in a field test to investigate whether the predictions
could also be observed in actual measurements. For these kinds of experiments, the
temperature of the sample is monitored after exposing it to the sky for one to several day and
night cycles. A picture and schematic cross-section of the used setup is shown in Figure 3.6a.
The experimental results for chitosan films compared to the ambient temperature and a silver
mirror reference confirm the passive cooling properties (Figure 3.6b). For both daytime and
nighttime, the chitosan film temperature Tma iS always colder than the reference sample
temperature Tag, While the sample with increased thickness shows higher temperature
reduction (Figure 3.6c).
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Figure 3.6: a) Photograph of the rooftop measurement setup and schematic drawing of the
cross-section across the dashed line. b) Sample temperature measurements for different
chitosan and reference samples for a day- and night cycle. The background displays the
magnitude of solar irradiation. c) Temperature difference of Chitosan samples with respect to
the mirror reference for the measurement period. The absolute humidity is on a constant level,
as displayed in the background. The figure is adapted from the original publication!!® and used
according to the permission granted under the Creative Commons Attribution license (CC BY
4.0).

37



With our experiments, we could confirm that passive radiative daytime cooling below ambient
temperature is possible with chitosan. Based on the absorptance measurements, chitin is
expected to show similar cooling performance. However, experimental confirmation was not
achieved because the contact between film and substrate could not be ensured in a

comparable and reproducible way.

Within the field of passive radiative cooling, many new materials have been proposed and
investigated over the last decade. With the addition of Chitosan and Chitin as candidate
materials, the pool of available materials was extended in this work. At the same time, new
characterization techniques were developed to evaluate the cooling materials. Chapters 8 and
9 revolve around contributions that advance the methodology of characterizing radiative heat
transfer properties. In Chapter 8, a tailor-made setup is presented that aims to mimic different
aspects of rooftop tests for passive cooling materials. This setup aimed to enable material
testing with high reproducibility to become independent from outside weather conditions. The
measured performance data can then be compared among various materials and structures,
providing the first step to quantitatively evaluate the results among the various research groups
worldwide.

The setup is schematically presented in Figure 3.7a and consists of a hemispherical aluminum
dome that is intended to act as a heat sink and mimic outer space. For this purpose, it is cooled
with liquid nitrogen, and the inside is covered with carbon black to absorb thermal radiation.
The sample is presented in a sample holder with a temperature sensor and a copper plate for
temperature distribution (Figure 3.7b), a similar design to typical field test setups. The sample
holder and the dome area are separated by a convection shield that consists of several thin
layers of PE foil to reduce convective temperature exchange. A flow of warm air is induced
between the sample and the dome opening, which can also be used to set the sample
temperature. To emulate the sun, a solar simulator is used that can illuminate the sample from
the top of the dome. To the outside, expanded polystyrene (XPS) insulation is applied to reduce
liquid nitrogen evaporation and, in combination with the air stream, prevent the sample area

from cooling down.
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Figure 3.7: Schematic illustration of the artificial measurement setup (a) and a detailed view of
the measurement cell and convection shield (b). Temperature measurements for different
reference samples in outdoor conditions (c) and measured with the indoor setup (d). The figure
is adapted from the original publication'!” and used according to the permission granted under
the Creative Commons Attribution license (CC BY 4.0).

The setup was verified with a series of samples with different emission properties. A silver
mirror with high reflection from UV-Vis to mid-IR was used as a sample with low solar
absorption and low thermal emission. A graphite coating was examined to represent a sample
with high solar absorption and thermal emission properties. Finally, a PDMS layer on a silver
mirror was chosen as a material with high reflectance for solar wavelengths and good emission
properties in the mid-IR. In outdoor conditions (Figure 3.7c), the graphite coating and the
PDMS layer cooled below ambient and the silver mirror during nighttime. In contrast, the
graphite coating heated substantially above the references during the daytime, while the
PDMS sample temperature stayed below ambient.

For indoor measurements, the definition and measurement of ambient temperature are
challenging because significant temperature variations can be expected within the sample
holder. Therefore, the temperature measured with the silver mirror was used as a reference to
compare the performance between the samples. In the dark case, both samples cooled below
the mirror temperature, indicating increased radiative heat transfer from the samples to the

heat sink. For the case with solar simulator illumination, only the PDMS sample reaches lower
temperatures than the mirror.
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The most challenging aspect of an indoor setup for characterizing passive cooling materials is
to emulate the transparency of the atmosphere. For the presented case, a selective emitter
will always perform inferior to a broadband emitter because all the emitted radiation will reach
the heat sink without wavelength discrimination. Including a material within the dome is no
possible solution because of the contact with the heat sink the temperature will be lower than
typical atmospheric temperatures. To overcome this obstacle and to enable also
characterization of the spectral selectivity, a MIR filter is introduced between the sample holder
and the convection shield of the dome (Figure 3.8a). This filter consists of a thin layer of PDMS
and a PE foil for support. The thin layer of PDMS absorbs strongly in wavelength regions where
the atmosphere is mostly transparent (Figure 3.8b). The idea of the filter is that if a selective
emitter is investigated as a sample, the filter will block its emitted radiation, and the sample will
not reach as low temperatures as it could without the filter. In contrast, a non-selective sample

will not be influenced by the filter as strongly.

The samples' cooling power was determined to elucidate the selectivity of different layer
thicknesses that lead to a transition from a selective to a broadband emitter. In this experiment,
the sample holder was equipped with a feedback-controlled heater system that was set to keep
the sample temperature constant. The power used to drive the heater directly correlates to the
passive cooling power of the sample. The optical similarity of the sample to the (selective) filter
is correlated by comparing the cooling power with and without the filter. For a selective emitter,
the relative loss in cooling power should be highest compared to the spectrally non-selective
measurement without the filter. This hypothesis is tested with a set of PDMS films with different
thicknesses. As outlined in Chapter 6, the PDMS films transition from a more selective emitter
to a more broadband emitter with increasing layer thickness. The results, highlighted in Figure
3.8c, show that the measured cooling power with the filter is always reduced for all film
thicknesses. However, the relative decrease in cooling power is lowest for the thickest sample.
The developed PE/PDMS filter, therefore, introduces sample discrimination based on selective
emission in the sky window range, where the cooling performance of selectively emitting

samples is strongly attenuated.
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Figure 3.8: Schematic illustration of the sample holder and convection shield with included MIR
filter. b) absorption spectrum of MIR filter with mainly selective absorption within the
atmospheric window. c) cooling power of different samples with and without MIR filter. d)
calculated cooling power loss for the presented samples. Thicker samples (broadband emitter)
lose less cooling power with the inclusion of a filter (less selectivity). The figure is adapted from
the original publication!!’” and used according to the permission granted under the Creative
Commons Attribution license (CC BY 4.0).

With the presented setup, the performance of passive cooling materials can be reproducibly
characterized independent of environmental conditions. The setup enables the direct
comparison of materials independent of location and time. The most important features are the
liquid nitrogen-cooled aluminum dome acting as the heat sink and a solar simulator simulating
sun illumination. With a MIR filter, even the partial transparency of the atmosphere is

considered, and the emission selectivity of different samples can be characterized.

With the hemispherical dome geometry, further questions of radiative heat transfer can be
assessed. Chapter 9 introduces a novel dual-sided nonwoven textile, which offers a unique
combination of personal thermal management strategies. The nonwoven was fabricated by
Qiang Gao and consists of polyimide (PI) fibers on one side and silver nanowires (AgNW) on
the other. This architecture aims to affect the heat dissipation from the human body to the
surroundings when worn as apparel. The optical properties of the two sides are key to
identifying which nonwoven side should be worn to the outside to minimize radiative heat loss.
For this question, the optical properties in the mid-IR region are most relevant because the

radiative heat transfer mainly occurs in this wavelength range at ambient temperatures.
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Comparing the optical properties of the two sides of the nonwoven (Figure 3.9a), one notices
that the reflectance and absorptance are different. While the PI side has a low average overall
reflectance of ~18%, the silver side reflects ~80% of the incoming radiation in the mid-IR. In
contrast, the PI side absorbs and therefore emits radiation very well compared to the reduced
absorptance found for the silver side. Consequently, if the silver side is facing the surroundings,
less thermal emission is expected, and the radiative heat loss of the body is reduced. In
contrast, the high absorptance of the PI side indicates major heat loss to the surroundings
when worn outside. When comparing the optical properties of the dual-sided nonwoven with a
plain Pl nonwoven, the main difference is found in the transmission capabilities (Figure 3.9c).
The dual-sided nonwoven is mostly opaque, while substantial transmission of infrared radiation
is apparent for the plain nonwoven. This transmittance will lead to a direct heat loss to the

surrounding that is not affected by the nonwoven.
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Figure 3.9: Reflectance, absorptance, and transmittance of different sides of the dual-sided
nonwoven compared to a pure Pl nonwoven. d) schematic illustration of the radiative energy
transfer problem for the different scenarios when worn. The figure is adapted from the original
publication'*® and used according to the permission granted under the Creative Commons
Attribution license (CC BY 4.0).

When applied as apparel, the energy transfer situation becomes more complex because the
radiative energy transfer between the body and nonwoven must also be considered. The
radiative energy transfer contributions are schematically summarized in Figure 3.9d. The plain

nonwoven will have high emission towards the outside and low reflectance towards the body,
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representing the highest expected radiative energy loss. For the case of the dual side
nonwoven, the assessment is less clear. While the PI side has high emission to the outside, it
will also absorb emitted radiation when facing the body. The AgNW side has low emission to

the outside but will show substantial back reflectance when facing the body.

We constructed an energy transfer experiment to elucidate which side has the lowest energy
transfer to the surrounding. The setup is schematically outlined in Figure 3.10a and consists
of a heater for energy input below a copper plate to distribute the temperature evenly. The
copper plate was coated with graphite to ensure high emission from the surface of the sample
area. The excess surface area was coated with a low emissivity coating to reduce radiative
energy transfer from areas without sample. A graphite-coated aluminum dome at ambient
temperature acts as a heat sink and represents the surrounding temperature. The heater is
set to hold a constant temperature of 37 °C to simulate the human body. In this situation, the
power input to the heater directly correlates to the energy transferred from the high emissivity
sample area to the heat sink.
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Figure 3.10: Schematic drawing of the radiative energy transfer experiment. The feedback-
controlled heater system below the sample is held at body temperature, while the aluminum
dome is at ambient temperature. b) sample temperature and heating power during the
equilibration time. After 50 min (3000 s), an equilibrium state is reached. ¢) equilibrium power
input as a function of dome temperature for the different Pl configurations and the pure graphite
coating as reference. Higher ambient temperature reduces the heating power loss to the dome.
d) lllustration of the relevant heat dissipation pathways during the experiment, including
conductive and convective pathways. The figure is adapted from the original publication!!® and
used according to the permission granted under the Creative Commons Attribution license (CC
BY 4.0).
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If a sample is presented, the heater feedback system needs a certain equilibration time (Figure
3.10b). After steady-state conditions are reached, the power for isothermal conditions can be
determined. The power values for the different sample types and configurations are displayed
as a function of ambient temperature in Figure 3.10c. Higher ambient temperatures will reduce
the radiative energy transfer to the heat sink and, thus, must be considered when comparing
the different samples. The experiment reveals that the radiative energy loss is only reduced if
the AgNW side faces the outside. In comparison, the pure Pl and the Pl side facing the outside
perform similarly to the high emissivity coating. This indicates that the radiative heat loss

cannot be prevented with these materials facing the outside.

The full picture of the energy transfer from the human body to textile material and the
surrounding also needs to include a non-radiative heat transfer mechanism (Figure 3.10d).
Direct contact between the fabric and the skin will enable heat transfer through conduction. A
gas phase will also enable convective transport, especially from the fabric surface to the
surrounding. For all three cases, the non-radiative contributions will be very similar. Therefore,
we conclude that the configuration with the AgNW facing the surrounding will be superior in

preventing heat loss due to the reduced emission.

Our extensive study reveals that for applications involving radiative heat transfer, like clothing,
the radiative pathway is only one mechanism for thermal comfort. A full description of the heat
transfer problem is very complex, but with the presented measurement geometry, the question

of which side of the nonwoven should face the outside could be answered.

While each of the contributions in this thesis discusses a different aspect of radiative heat
management, they expand the state-of-the-art in the respective field. New materials were
introduced, like the gradient colloidal glass. Calculations and simple experiments were used
to consider the material thickness, a parameter formerly neglected for the optimization of
passive cooling systems. The application of the existing bio-materials chitosan and chitin for
passive radiative cooling expanded the toolbox of available materials within the field. The
design of a tailor-made setup for indoor testing, including a selective filter to include
atmospheric selectivity, is the next step toward a standardized, reproducible, and comparable
characterization of passive cooling materials. Finally, the investigation of the different heat
transport mechanisms in a Janus-like nonwoven answered the question of which side prevents

radiative heat loss when worn.
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3.2 Individual Contributions to Joint Publications

The results of this thesis are a combination of five scientific publications. These publications
were prepared in collaboration with other researchers and colleagues. The individual
contributions to the respective publications are specified in the following section. The

corresponding authors are marked with asterisks.

Chapter 5: A Continuous Gradient Colloidal Glass

Marius Schottle, Tobias Lauster, Lukas J. Roemling, Nicolas Vogel, and Markus Retsch*

This work was published in Advanced Materials, 2022, 2208745.

| conducted the diffuse reflectance measurements, was involved in the discussion of the optical
measurements, and edited the manuscript. Marius Schottle led the conceptualization,
investigation, formal analysis, and data curation. This included the development of a new type
of synthesis procedure as well as the self-assembly processes. He conducted optical and
electron microscopy, local spectroscopy, and structural characterization. He wrote all scripts
for data analysis and the 2D simulations, visualized the data, and wrote the original manuscript.
Lukas J. Roemling assisted with the local spectroscopy along the gradient. Nicolas Vogel and

Markus Retsch supervised the project, reviewed, and edited the manuscript.

Chapter 6: Homogeneous Polymer Films for Passive Daytime Cooling: Optimized Thickness for

Maximized Cooling Performance

Kai Herrmann*, Tobias Lauster*, Qimeng Song*, and Markus Retsch*

*These authors contributed equally.
This work was published in Advanced Energy and Sustainability Research, 2022, 3, 2100166.

Kai Herrmann and | identified the lack of treatment of the sample thickness for passive daytime
cooling. | prepared the samples and performed the optical characterization. Kai Herrmann and
| wrote the manuscript. Kai Herrmann established a theoretical framework to depict the
influence of sample thickness on cooling performance. Kai Herrmann performed the
simulations based on this theoretical framework. Qimeng Song developed the outdoor setup
for measuring the cooling performance, performed the cooling performance measurements,
and was involved in scientific discussions. Markus Retsch supervised the project and corrected

the manuscript.
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Chapter 7: From Chitosan to Chitin: Bioinspired Thin Films for Passive Daytime Radiative Cooling

Compact Chitosan

Tobias Lauster, Anika Mauel, Kai Herrmann, Viktoria Veitengruber, Qimeng Song, Jurgen

Senker, and Markus Retsch*
This work was published in Advanced Science, 2023, 2206616.

| conceptualized the storyline, developed the sample preparation, and performed water contact
angle and resistance experiments. | measured the UV-Vis and IR spectra and wrote major
parts of the manuscript. Anika Mauel performed the NMR experiments, evaluated the data,
and contributed to the discussion and the manuscript. Kai Herrmann calculated the cooling
performance from spectroscopic data, supported the general data evaluation, and was
involved in the discussion. Viktoria Veitengruber assisted in sample preparation, water
resistance tests, and NMR experiments. Qimeng Song developed the outdoor setup for the
temperature measurements, performed the temperature measurements, and was involved in
the discussion of the results. Jirgen Senker contributed to the discussion and corrected the
manuscript. Markus Retsch supervised the project, contributed to the discussion, and
corrected the manuscript. All authors contributed to the original draft writing.

Chapter 8: A Tailored Indoor Setup for Reproducible Passive Daytime Cooling Characterization

Qimeng Song, Thomas Tran, Kai Herrmann, Tobias Lauster, Maximilian Breitenbach, and

Markus Retsch*

This work was published in Cell Reports Physical Science, 2022, 3, 100986.

Qimeng Song and Thomas Tran led the conceptualization and investigation. Thomas Tran
designed the measurement apparatus, established the communication between hardware
components, analyzed the data, and visualized the data. Qimeng Song used the setup to
characterize the steady-state temperatures and cooling powers. Kai Herrmann contributed
formal analysis and validation. | contributed validation and resources, particularly in the form
of reference samples and PDMS-coated specimens, as well as spectral analysis. | was also
involved in the planning and improvement of the setup and the development of a spectral filter.
Maximilian Breitenbach was involved in the investigation. Markus Retsch led supervision,
project administration, and funding acquisition. All authors contributed to the original draft

writing.
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Chapter 9: Breathable and Flexible Dual-Sided Nonwovens with Adjustable Infrared Optical
Performances for Smart Textile

Qiang Gao, Tobias Lauster, Bernd A. F. Kopera, Markus Retsch*, Seema Agarwal*, and

Andreas Greiner*
This work was published in Advanced Functional Materials, 2022, 32, 2108808.

Qiang Gao conducted synthesis and characterization of the nonwovens, including preparing
the dual-sided nonwovens, characterizations of pore size, air permeability, mechanical
property, most of the electrical properties, and thermal properties, and discussed results.
Qiang Gao also wrote the first draft of the manuscript. | measured and discussed emittance,
transmittance, reflectance, effusivity, and passive radiation. Bernd A. F. Kopera conducted
some of the characterizations of AQNW'’s thermal stability and IR reflection properties. Prof.
Markus Retsch proposed and discussed experiments on radiative transport and thermography
and revised the manuscript. Prof. Seema Agarwal gave suggestions on conducting
experiments and characterizations of the dual-sided nonwovens and revised the manuscript.
Prof. Andreas Greiner proposed and discussed the experiment scheme with Qiang Gao and

revised the manuscript.
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5. A Continuous Gradient Colloidal Glass
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A controlled extraction emulsion process (CrEEP) allows the synthesis of monodisperse latex
particles with a continuous size gradient. Subsequent self-assembly into a photonic glass
results in a thin film with a continuous photonic gradient and structural colors ranging over the
full visible spectrum. This concept is shown to improve the broadband reflectance of such a
mesostructure compared to a non-gradient mixture.
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A Continuous Gradient Colloidal Glass

Marius Schéttle, Tobias Lauster, Lukas J. Roemling, Nicolas Vogel, and Markus Retsch*

Colloidal crystals and glasses manipulate light propagation depending on
their chemical composition, particle morphology, and mesoscopic structure.
This light8matter interaction has been intensely investigated, but a knowl-
edge gap remains for mesostructures comprising a continuous property
gradient of the constituting particles. Here, a general synthetic approach

to bottom-up fabrication of continuous size gradient colloidal ensembles is
introduced. First, the technique synthesizes a dispersion with a specifically
designed gradual particle size distribution. Second, self-assembly of this dis-
persion yields a photonic colloidal glass with a continuous size gradient from
top to bottom. Local and bulk characterization methods are used to highlight
the significant potential of this mesostructure, resulting in vivid structural
colors along, and in superior light scattering across the gradient. The process
describes a general pathway to mesoscopic gradients. It can expectedly be
transferred to a variety of other particle-based systems where continuous
gradients will provide novel physical insights and functionalities.

1. Introduction

Structured materials show perceptible photonic properties
when the characteristic length scale is similar to the wavelength
of visible light. The interaction of photons with a periodically
changing refractive index (n) in photonic crystals (PCs) creates a
dispersion relation with wave-vector dependent gaps analogous
to that of electrons in semiconductors.! These stop bands are
the cause of characteristic, iridescent structural colors.[?! From
sensors to optical metamaterials, increasingly complex struc-
tures allow tailoring of these properties.*!l However, many are
only accessible via simulations or in the microwave range,>®l
others are limited to high-n materials.”!

Complementary to the phenomenon of ballistic light trans-
port in ordered structures is the dispersive light diffusion
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in photonic glasses (PGs).55" These
jammed packings of monodisperse,
dielectric spheres show coherent - scat
tering due to Mie resonances and short-
range order.""? Because of the isotropic
nature, the resulting colors are angle-
independent.!* Particle size and mor-
phology, such as core-shell and hollow
sphere structures, have been shown to
influence the optical properties and pro-
vide tunable scattering and broadband
reflectance of PGs.55" Recently, aniso
tropic particles have also been shown to be
useful for the adjustment of the scattering
properties of the ensembles. %21

Hierarchical structural design can
introduce further complexity to particu
late system.l*”l For example, multilayer
PC films with a cross-plane, stepwise
change of the lattice constant show prop
erties not found in single-component systems. These range
from broadband reflectivity'® to angular selectivity.** How-
ever, fabrication methods are often tedious and typically apply
physical vapor deposition or repetitive colloidal assembly.?>2]
Without precise optimization, the latter can suffer from deg-
radation of preformed layers and delamination. Further issues
include incoherent light scattering at the interfaces and small
sample sizes.

Despite the intense research on photonic crystals and glasses,
one major category of colloidal mesostructure has received sur-
prisingly little attention: continuous gradient structures. Cen
tinuous gradients in colloidal assemblies is an emerging topic,
with few examples and approaches being reported in literature.
Gradual changes, e.g., in the interparticle distance or compo
sition can be formed via centrifugation,” > post-assembly
deformation®” or modified coating procedures.*%3! From a
fundamental point of view, a better physical understanding of
photonic materials with gradually changing properties needs
to be developed and compared to experimental results.**>* To
our knowledge, no experimental realization of a photonic eol
loidal assembly with a continuous particle size gradient has
been presented to date. To achieve such a structure, two major
challenges need to be addressed: First, particle dispersions with
precise control of size and a continuous size variation need to
be reliably available. Second, self-assembly must retain, not
mix, the particle size gradient and immobilize the particles
gradually in the colloidal ensemble.

Here, we provide a solution to both challenges that conceiv
ably can also be applied to other (functional) particles. This gen-
eral approach to continuous gradient colloidal glasses will add a
missing piece to the field of colloidal mesostructures and opens
a new field for photonic engineering and beyond. At the heart

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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of our work is a controlled emulsion extraction process (CrEEP)
that enables us to store the time-dependent size increase of
monodisperse latex particles in a thin extraction tube, where
laminar flow prevails. Subsequent filtration assembly trans
lates the gradient dispersion into a film with a fully continuous,
cross-plane gradient of the particle size. First, we present the
synthesis method and then show the characteristics of the 3D
self-assembled colloidal gradient material.

2. Results and Discussion

Surfactant-free emulsion polymerization is an established
method for the preparation of monodisperse latex particle sus
pensions.?>%! Further control can be obtained via a semibatch
process by first preparing seed particles that then increase
in size when more monomer is added.*”3¥ In our CrEEP-
approach (Figures S1 and S2, Supporting Information), the
monomer is added gradually, and the growing particle suspen
sion is simultaneously extracted into a thin tube. The resulting
time-dependent change of the particle diameter is thereby
stored in the extraction tube and turned into a positional
dependency. Slow extraction and the small diameter of the tube
provide controlled laminar flow. To verify the controlled nature
of this process, we show that the reaction rate of the emulsion
polymerization is fast compared the rate of monomer -addi
tion by evaluating the kinetics of the particle growth during
seed synthesis (Figure $3, Supporting information). Mixing is
further inhibited by fractionation via the injection of air bub
bles as separators inside the tube. Thereby the monodisperse
nature inherent to the emulsion polymerization is maintained.
Analogous experiments without injection of air result in a
slightly less ordered assembly (Figure S4, Supporting informa
tion). The air bubbles have the additional benefit of quenching
the remaining initiator molecules with ambient oxygen, inhib
iting any further polymerization. The fact that the continuous
particle growth and extraction take place in the same reactor
as the seed synthesis ensures reproducible starting -condi
tions. Combined with the slow monomer addition, this results
in a highly controlled reaction. Ultimately, a large number of
equidistant fractions (in this case 110) are retained in the tube
(Figure 1a). We examine every 10th fraction via dynamic light
scattering (DLS) and correlate it to the respective reaction time
during the extraction process (Figure 1b,c). We observe a near-
linear increase of the hydrodynamic particle diameter and a low
polydispersity throughout the synthesis. Both confirm the high
degree of control that is necessary for the self-assembly process,
which is dramatically influenced by both size and size distri
bution. In our example, we prepare a diameter range between
2205310 nm to specifically target photonic materials in the vis
ible range. In combination with the number of fractions, this
implies a sub-nm step size between neighboring fractions.
Naturally, this is smaller than the size distribution of any given
latex particle synthesis. Consequently, this constitutes a smooth
and gradual size increase, a feature not accessible using a
multi-pot approach.

To demonstrate the quality of fractions obtained via CrEEP,
we induce self-assembly via heated drop-casting. The forma
tion of PCs with structural colors dependent on the diameter
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of the particles becomes apparent via white light microscopy
(Figure 1d). Brilliant colors ranging from blue to red can
be observed. Due to the fcc symmetry and the concomitant
k-vector dependency of the optical stop-band, these are inher-
ently angle-dependent. Increasing the angle between light
source and observer causes a blue shift of all 12 drop-cast spots
(Figure le) and verifies the crystallinity. Further optical charac-
terization with normal incidence reflectance u-UV-vis spectros-
copy (Figure 1f) elucidates the size-dependent properties. As the
particle diameter increases, the stop-band peak gradually shifts
to higher wavelengths. The position of the peak with respect
to the reaction time of the corresponding fraction follows a
linear trend (Figure 1g). Considering the linear dependency of
the lattice spacing and wavelength in the Bragg-Snell Equa-
tion,1°] this corroborates the similar trend observed for the DLS
results. Scanning electron microscopy (SEM) images of four
selected PCs (Figure 1h) illustrate the monodisperse nature and
hexagonal symmetry as well as the controlled increase of the
particle size. An overview SEM image (Figure S5, Supporting
Information) shows large domain sizes. Altogether this pre-
liminary evaluation of the extracted fractions shows that the
gradual increase of the particle size can be retained in a thin
tube via CrEEP. Prevention of mixing thereby ensures that the
monodisperse nature is maintained and allows self-assembly to
form photonic structures.

After the CrEEP, a gradient colloidal dispersion is stored
inside the extraction tube in a size-sorted manner. We now pre-
sent a straightforward self-assembly process to transform this
gradient dispersion into a colloidal glass with a smooth and
continuous gradient. Our semicontinuous filtration technique
involves dilution and subsequent filtration of each fraction.
This allows us to fabricate a free-standing colloidal glass film
with a gradually increasing particle size from top to bottom
(Figure 2a; Figure S6a, Supporting Information). A sample
3.5 cm in diameter and with a thickness of 110 £ 5 um is
thereby obtained (Figure S6b, Supporting Information).

We demonstrate the successful fabrication of the intended
gradient colloidal glass by laser scanning confocal microscopy
(LSCM)B% across the edge of a broken gradient film. An overlay
of the height image obtained via laser-scanning and white
light microscopy images from various focal positions provides
a simple and intuitive impression (Figure 2b; Figure S7, Sup-
porting Information). Complementary to the colorful appear-
ance observed for self-assembled particles of separate fractions,
we find structural colors continuously ranging from blue to red,
reminiscent of a rainbow. The top and bottom faces appear blue
and red, respectively, corresponding to the particle size of the
first and last fraction. The addition of a broadband absorber
is known to counteract the effect of diffuse scattering.[*”) We,
therefore, improve the saturation of the side-view structural
colors by a thin layer of carbon (10 nm) on the surface of the
cross section (Figure S8, Supporting information). While the
colloidal glass filtration is conducted in a semicontinuous
way, we do not observe any layering or stepwise particle size
increase. As outlined in the gradient dispersion synthesis, the
mean particle size changes with <1 nm from fraction to frac-
tion, which is too small to be resolved analytically. Another
advantage of the filtration approach is that a large sample can be
prepared with homogeneous gradient properties. The colloidal
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Figure 1. Characterization of equidistant fractions after the controlled emulsion extraction process (CrEEP). a) Snapshot of fractions during the extrac-
tion process showing even separation by air bubbles. b,c) Hydrodynamic diameter (Dy;) and polydispersity index (PDI) obtained from DLS measure-
ments of every 10th fraction. The reaction time noted here corresponds to the CrEEP starting with the gradual monomer addition. A linear fit shown
in red elucidates the highly controlled nature of the gradual seeded growth. The polydispersity remains below 5% and is independent of the reaction
time. d) Light microscopy images of these fractions after drop-casting showing size-dependent structural colors typical for colloidal crystals. Scale bar:
100 um e) Photographs of the samples measured in (d) at different angles between camera and light source. f) u-UV-vis reflectance spectra of the
drop-cast fractions showing a gradual red-shift of the stop-band as the particle size increases. g) Peak position of the stop-band versus reaction time
showing a linear relation. This stands in accordance with the DLS measurements and particle size. h) SEM images of selected drop-cast fractions.
Insets show the corresponding light microscopy images. Both the increase in absolute size, as well as the consistently monodisperse nature, can be
observed in the self-assembled colloidal crystals showing hexagonal symmetry.

gradient and hence the photonic properties are identical when SEM images of selected positions along the cross sec-
examining cross sections via LSCM at several different macro-  tion (Figure 2c) provide structural insights into the origin of
scopic positions along the length of the filtered film (Figure S9,  colors in the gradient. The filtration assembly forces random
Supporting Information). aggregation of particles and thus a disordered structure. We
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Figure 2. Gradient photonic glass prepared via semicontinuous filtration. a) Schematic illustration of the z-gradient structure resulting from the gradual
assembly process. b) Light microscopy images of the top and bottom surface as well as the cross section showing the gradual transition of structural
color throughout the entire visible spectrum. c) Representative SEM images of the colloidal assembly at the positions indicated in the cross-section.
d) Size distribution of particles at equidistant positions along the gradient as obtained from the SEM images in Figure S10 (Supporting Information).
At each position, more than 100 particles were measured. Outliers are shown as black diamonds.

attribute this to the fast kinetics of the filtration process and
the absence of capillary forces.??l The result is a photonic glass
that consists of monodisperse, dielectric Mie scatterers and
shows a position-dependent resonance frequency. Measure-
ment of particle diameters at equidistant z-positions along the
cross section allowed statistical evaluation of the change in size
(Figure 2d; Figure S10, Supporting Information). Two impor-
tant observations can be made here: 1) The position-dependent
particle size shows a linear trend. This, once more, empha-
sizes the high degree of control during synthesis and assembly.
We achieve this linearity by careful optimization of the CrEEP
(details are outlined in Figure S11, Supporting Information).
2) At any given z-position, all particles are nearly monodis-
perse, underlining the performance of the fractionation in
our process. The efficiency of fractionation is better than the
polydispersity of the emulsion polymerization itself; hence the

Adv. Mater. 2022, 2208745 2208745 (4 of9)

overlap of individual fractions is continuous. The result is one
of the significant features presented in this work: the circum-
vention of discrete steps in a gradient particle assembly. The
photonic glass shown here is consequently a fully continuous
gradient structure.

For a full characterization analogous to that of discrete
fractions, we show local u-UV-vis reflectance spectra at equi-
distant positions along the gradient material (Figure 3a;
Figure S12, Supporting Information). As the particle size
increases, the reflectance peak shows a gradual red shift
(Figure 3b). This positional dependency is linear, (Figure 3c)
which correlates with the linear change in diameter exam-
ined via SEM evaluation. Compared to the spectra of colloidal
crystals in Figure 1f, the width of these peaks is significantly
larger. We attribute this to the short-range order and also
partly to the fact that the measurement averages over a range
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Figure 3. Local optical characterization of the gradient photonic glass. a) Microscopy image of a carbon-coated cross-section illustrating the spot size
and position where individual spectra were obtained. b) Local spectra and c) wavelengths of the peak maxima showing a linear red-shift from the top
to the bottom of the gradient. d) Microscopy setup used to examine different viewing angles of one gradient cross-section to prove the angle independ -
ence of the structural colors. e,f) Resulting overlay of height and white light microscopy images obtained via LSCM of a sample tilted between 0 and
50°. The color range of the gradient remains between blue and red, independent of the viewing angle.

of 10um, thereby covering a particle size increase of =8 nm
in each area. The latter effect becomes more obvious when
increasing the spot size (Figure S13d, Supporting Information).
Averaging over half the cross section thereby naturally results
in further peak broadening. Spectra obtained from samples
without carbon-coating show stronger diffuse scattering, most
visible toward smaller wavelengths (Figure S13a,c, Supporting
Information).

The fact that isotropic colloidal assemblies exhibit no discrete
peaks in Fourier space and, therefore, produce non-iridescent
colors can be a significant advantage.®! We examine this prop-
erty by tilting the cross section of a gradient photonic glass
under a microscope and conducting LSCM measurements at
different viewing angles from 0 to 50° (Figure 3d-g; Figure S14,
Supporting Information). This approach is similar to previ-
ously shown characterization methods of colloidal supraparti-
cles.!l Unlike the results obtained for the iridescent colloidal
crystals in Figure le, the coloration remains unchanged and
ranges between blue and red at all viewing angles. In summary,
the local characterization reveals that the gradient colloidal
glass exhibits angle-independent reflectivity throughout the
visible spectrum.

We now compare the diffuse reflectance from the top surface
of the colloidal gradient glass with different reference samples
(Figure 4a-f) to establish how the continuous mesostructure
affects the optical properties. Homogeneous, non-gradient sam-
ples are prepared via filtration of pure small (224 nm) and large
(304 nm) particles, respectively. Additionally, these particles are

Adv. Mater. 2022, 2208745 2208745 (5 of 9)
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used for the fabrication of a statistical, binary mixture as well
as a bilayer sample. The CrEEP technique is applied to prepare
two different samples: 1) a statistical ““gradient mixture” via
mixing of all fractions and subsequent filtration and 2) the con-
tinuous gradient material discussed in Figure 2 and Figure 3.
The two CrEEP-syntheses are shown to be identical via UV5vis
spectroscopy and DLS measurements of the particles in the
respective first and last fractions (Figure S15, Supporting Infor-
mation). The film thickness is 112 + 3 um throughout all sam-
ples (Figure S16, Supporting Information).

The single-component sample consisting of small particles
shows an intense blue color, whereas the large particles result
in a less saturated red appearance. The latter is more compro-
mised by diffuse light scattering and, therefore, appears fainter.
The UV-vis diffuse reflectance spectra of these samples show
distinct peaks at 420 and 580 nm, respectively (Figure 4g), as
expected from the increase in diameter.[*

Next, the two disordered structures, both binary and gradient
mixture, are compared. Microscopy images of cross sections of
the two show a white color. However, the reflectance spectra
reveal a pronounced difference (Figure 4h), even though both
samples comprise particles in the same size range. The binary
mixture almost exclusively results in a profile characteristic for
diffuse scattering. A slight shoulder at 550 nm hints toward a
rather weak contribution of coherent scattering. Conversely,
in the case of the gradient mixture, a distinct peak at 515 nm
can be observed. This lies roughly in the middle of the peaks
observed for the pure small and large particles, respectively.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Diffuse reflectance UV5vis spectroscopy of colloidal assemblies prepared via filtration. a,b) Cross section light microscopy images of samples
consisting of monodisperse particles. c) Disordered, binary mixture of these reference particles. d) Sample prepared by mixing all fractions obtained
from the semibatch emulsion polymerization prior to filtration. e) Bilayer of small and large particles. f) Gradient sample prepared via the presented
semicontinuous filtration approach after semibatch emulsion polymerization. g-i) UV-vis diffuse reflectance spectra of all samples measured with an

integrating sphere. The inset in (i) elucidates the measurement geometry.

two pure SEM measurements show a statistical mixture of all
particle sizes and no segregation (Figure S17, Supporting Infor-
mation), corroborating that this coloration must be attributed
to coherent scattering of the isotropic assembly. We rationalize
the difference via the degree of disorder, elucidated by the pair
distribution function, g(r) of the two types of colloidal glasses.
Simple 2D simulations (Figure S18, Supporting Information)
of both cases and subsequent g(r) evaluation!®’ show that the
binary mixture shows a pair correlation function limited to a
set of distinct pairs: small-small, small-large, and large-large.
No additional peaks can be observed in subsequent coordina-
tion spheres. In the gradient mixture, peaks in the g(r) can be
observed up to the 5th coordination sphere. Since phase corre-
lation and constructive interference of scattered waves depend
on the short-range order® this results in a more pronounced
peak in the reflectance spectrum.

Lastly, we compare the bilayer and the gradient sample
(Figure 4i). The former represents the most extreme case of
a stepwise gradient, while the latter is the fully continuous
counterpart. In both cases, the sample is oriented, so that
the smallest particles are on top. The reasoning behind this
is that waves of shorter wavelengths (blue light) are affected
more by diffuse scattering of the large particles. Small par-
ticles that show Mie resonance at these frequencies should,
therefore, interact with the light first.”®) The spectrum of the

Ady. Mater. 2022, 2208745 2208745 (6 of 9)

bilayer shows two discrete peaks at the same wavelengths as
the single-component reference samples. This proves that the
diffuse reflectance measurements are sensitive to photons
coherently scattered in lower regions of the sample. This is
possible due to an increased ratio of single- and multiple scat-
tering events caused by the short-range order and near-field
effects.’l These observations also hold for the interpretation of
the optical properties of the gradient photonic glass. Here, we
see a plateau over the full region between the two peaks of the
bilayer. Unlike in the bilayer, no local minima and maxima are
observed. Instead, a uniform reflectance results over the visible
range. We attribute this unique property to the gradual mes-
oscale structure of this material. In comparison, step-gradient
samples prepared via deposition of discrete layers always show
distinct peaks (Figure S19, Supporting Information). The gra-
dient spectrum is in accordance with the local optical charac-
terization, as the plateau of the diffuse reflectance spans the
same wavelength range as the maxima of peaks measured
along the cross section in Figure 3b. Additionally, the plateau
and general shape closely resemble the reflectance spectrum
obtained from a non carbon-coated cross section measured
with a large spot size (Figure S13¢, Supporting Information).
This implies the applicability of such a gradient material as a
broadband reflector in a wavelength range of choice. We con-
firmed this possibility by a separate CrEEP synthesis with an
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extended size range from 220 nm up to 450 nm (Figure S20,
Supporting Information). The gradient colloidal glass, conse-
quently, covers a much broader spectral range compared to the
system outlined here (Figure S21, Supporting Information).
The critical role of the mesoscopic structure becomes apparent
when directly comparing the gradient superstructure to the
gradient mixture (Figure S22, Supporting Information). Self-
assembly of a gradient particle dispersion mixture without an
additional mesoscopic gradient does not show a plateau in the
visible range. Furthermore, the diffuse reflectance of the gra-
dient photonic glass is superior to the disordered case across
the entire spectral range.

Enhanced scattering of visible light is of great importance in
fields such as thin reflective coatings and passive cooling appli-
cations.***] Beside the use of high-n materials such as titania,
recent studies have examined alternative approaches such as
the variation of the particle morphology of low-n materials to
improve the scattering performance.”"*! An alternative/com-
plementary approach is our optimized mesostructure. The gra-
dient colloidal glass provides a tuneable approach to enhanced
broadband reflectance, opening an alternative approach to
create the whitest white. The fabrication proceeds without any
stacking faults or cracks that can arise during the much more
complicated fabrication of multilayer inverse opals or (2+1)
photonic crystals.'>%%] Recent theoretical work has examined
the passive cooling properties of gradient particulate assem
blies.*¥) These simulations are corroborated by our observation
that the gradient colloidal glass shows superior diffuse reflec-
tance compared to the mixed case. Overall, gradient mesostruc-
tures are a highly attractive materials class from which novel
applications in the field of wave5Smatter interaction, granular
mechanics, and filtration can be expected. This interest will be
further expedited by the fact that this type of gradient can con-
ceivably be assembled using any type of particle that can be fab-
ricated via seeded growth.

3. Conclusion

We have introduced a general method that makes use of a
previously untapped feature of colloid synthesis. The time-
dependent growth of colloidal particles is stored in a thin
extraction tube prior to self-assembly. The self-assembly pro-
cess retains the gradual dispersion composition and provides
access to fully continuous mesoscopic gradients. Local optical
and structural characterization corroborated the gradient meso-
structure, and diffuse reflectance measurements showcased the
unique broadband reflectivity. Our method will be of imme-
diate relevance for a broad interdisciplinary community inves-
tigating and optimizing photonic glasses toward highly efficient
scattering systems!** with potential applications in areas
such as passive cooling.*>* Considering the generality of our
synthetic approach, we expect that a wide range of novel, func-
tional materials with a gradient composition will become avail-
able that reach far beyond model polymeric particles. Perfecting
the self-assembly process may lead to elusive chirped colloidal
crystals,’2%] while infiltration can provide further insight as to
the superior mechanical properties of composite and porous
graded materials.[*>0]
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4. Experimental Section

Materials: Water used in this work was of Millipore quality.
Methyl methacrylate (MMA 99%), sodium styrene sulfonate (NaSS,
99.99%) and potassium persulfate (KPS, 99.99%) were obtained from
Sigma Aldrich.

Seed Particle Synthesis: A 100 mL three-necked flask equipped with a
reflux condenser and septa was loaded with 48 mL water and degassed
for 75 min under a constant nitrogen stream at 80°C and 650 rpm
stirring speed. With 5 min of equilibration time between each addition,
the following reactants are added: 1) 2 mg NaSS in 1 mL water, 2) 1.7 mL
MMA, 3) 40 mg KPS in 1 mL water. The reaction was then allowed to
proceed for 30 min before the semibatch process was initiated.

Semibatch Growth and Extraction: The setup preparation proceeds
before the seed synthesis is started, so no oxygen enters the system
between seed synthesis and gradual growth. Silicone tube (2 m) with
an inner diameter of 2 mm was attached to a syringe, and both were
filled with water. The free end of the tube was inserted through a septum
and dipped into the reaction mixture. The cannula used for the injection
of air was bent and inserted into this end of the tube. Two processes
were started simultaneously after the 30 min of seed synthesis:
1) Monomer feed was initiated, and 3.0 mL MMA was added at 3.0 mL h™".
2) Extraction was initiated, and 5.0 mL were drawn into the tube at
5.0 mL h7". Air fractions of 16 LL were pumped into the tube end every
30 s. This resulted in 556 drops of monomer being added during the
time it took to extract one fraction. After 60 min, 110 fractions were
stored in the tube with a gradually increasing size of polymer latex
particles. For the extended size range, the reaction proceeds analogously
while adding 6.0 mL MMA at 6.0 mL h™. The introduction of air-
bubbles to fractionate the extracted particle dispersion improved the
particle size monodispersity during the filtration process (compare
Figure S4, Supporting Information). It eliminated a boundary layer at
the tube solid-liquid interface with zero flow velocity and quenches the
polymerization. In combination with the laminar flow inside the tube any
turbulent mixing was effectively suppressed by this technique and the
extracted size distribution was retained.

Semicontinuous Filtration Assembly: The setup used for the filtration
mediated self-assembly can schematically be seen in Figure S6
(Supporting information). The tube, filled with all fractions and
still connected to the syringe, was used directly after the synthesis.
Dispersion droplets were slowly pumped into an intermediate vessel
at 0.4 mL h™'. Water was simultaneously added dropwise at 60 mL h™".
During dilution, the dispersion was mixed, and upon reaching a total
volume of 5 mL, the vessel was periodically emptied via a Pythagorean
cup mechanism. The diluted dispersion was thereby transferred into a
vacuum filtration setup, and particles were deposited on a hydrophilized
poly(tetrafluoroethylene) (PTFE) filter (Omnipore) with a pore size
of 200 nm. The timing was adjusted, so that the filter process was
completed before the next emptying of the intermediate vessel. During
this time, the assembly did not dry but remained an aqueous paste.
After completion, the swollen particle film was transferred from the filter
via pressing and adhesion to a poly(dimethylsiloxane) (PDMS) substrate
from which it could be removed after drying.

Reference samples were prepared via filtration of diluted dispersions
of the seed particles and/or the particle dispersion remaining in the
reaction vessel after the termination of the semibatch process.

Drop-Costing: Rapid self-assembly of every 10th fraction was done
by direct drop-casting of 2 uL dispersion onto a clean glass substrate
preheated to 80 °C.

Dynamic Light Scattering: Diluted dispersions were measured with
a Zetasizer (Malvern) with 1757 backscattering geometry to obtain the
hydrodynamic diameter and the size distribution of the latex particles.

Viscosimetry: The relative viscosity of two dispersions with small
(224 nm) and large (304 nm) particles in water was determined with
an Ubbelohde viscosimeter at 30 °C. An Ubbelochde capillary type
Oc in combination with a visco-clock was used to determine the
flow times, respectively. The relative viscosity of the dispersion was

calculated by npg, =t4,0/t,0)-
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Carbon-Coating: A Leica EM ACE 600 coater with planetary stage
and quartz crystal thickness measurement was used to deposit carbon
nanolayers on the cross sections of samples with a sub-nanometer
thickness accuracy.

Laser Scanning Confocal Microscopy: Both 2D color images, as well as
3D-reconstructed images, were obtained using a laser scanning confocal
microscope (Olympus, OLS5000) with a white light source as well as a
405 nm laser, respectively. Cross sections were examined using a
50x lens with N.A. 0.95, and for the reconstruction, a pitch size of 0.12 um
was applied.

Scanning Electron Microscopy: Images were obtained with a Zeiss
Leo 1530 (Carl Zeiss AG, Germany) at operating voltages of 153 kV and
both in-lens as well as secondary-electron detection after sputtering of
2 nm of platinum.

Micro UV-vis Spectroscopy: UV-vis spectra of drop-cast suspensions
were measured on an Olympus IX71 inverted microscope with a 4x lens
(numerical aperture (NA) 0.10) in reflection geometry with a halogen
light source. An OceanOptics USB4000 spectrometer was coupled via
fiber optics.

The local measurements of the gradient cross section were conducted
using a Zeiss Axio Imager Z2 light microscope with either a 20x lens
(NA 0.5, EC Epiplan-NEOLFLUAR, Zeiss) or a 50xlens (NA 0.55, LD EC
Epiplan-NEOFLUAR, Zeiss). Spectra were measured using an MCS CCD
UV-NIR Spectrometer (Zeiss, Germany) coupled to the light microscope.
The spot size was further adjusted using mechanical apertures in the
optical path toward the detector. A silver mirror was used as reference.

Diffuse Reflectance Spectroscopy: Diffuse reflectance spectra were
collected with a Cary 5000 UV-vis spectrometer (Agilent Technologies)
in combination with an integrating sphere accessory (Labspheres).
The samples were mounted at the reflectance port of the sphere after
adhesion to a glass substrate with carbon adhesive tape. As a reference,
a Spectralon diffuse white standard (Labspheres) was used.

2D Simulation of Particle Assemblies: 2D-rigid body physics of circles with
different diameters falling into a rectangular basin were simulated using the
Pymunk library in Python 3. Circles were initiated as dynamic bodies one after
the other at a random x-position at the top of the plane. They experienced
only downward directed gravitational force as well as rigid body interactions
with other circles as well as the walls and floor of the basin. A total number
of 4000 particles were simulated in each case in a basin measuring
1500 % 1000 units. The diameters were set to one of two specific integers
(8 and 12) with a probability of 50% each for the binary case (Figure S18a,b,
Supporting Information) and to random floating-point numbers between
8 and 12 for the mixed gradient case (Figure S18c,d, Supporting Information).
The crystalline assembly was simulated by letting circles with a diameter
of exactly 10 fall into the basin (Figure S18e,f, Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1: a) Reactor used for the controlled emulsion extraction process (CrEEP). Gradual addition of monomer
(orange) to the seed particle suspension (blue) causes continuous diffusion of monomer to the growing parti-
cles. Simultaneous extraction, accompanied by fractionation via air bubble separation (white), retains the time-
dependent increase of the particle diameter. Arrows indicate extraction and (periodic) infusion, respectively. b)

Schematic showing the direction in which the growing particles are extracted. Blue fractions represent the small-
est particles, red fractions the largest. During the assembly process, fractions are pushed out of the tube in the

opposite direction.
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Figure S2: Photograph of the CrEEP setup during the synthesis. Infusion and withdrawal points are identical
to Fig. S1. Inert gas flow and monomer feed proceed through the left joint, whereas extraction and the periodic
airflow needed for fractionation can be seen on the right. The total volume in the reactor is significantly larger

than the extracted volume. Thereby, a near-constant addition rate with respect to the concentration of particles is
ensured.
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Figure S3: Evaluation of the kinetics of the particle growth during the surfactant-free emulsion polymerization

to produce the seed particles. Here: 1.7 mL MMA are added at once and left to react. Samples are withdrawn
every 5 minutes and examined via DLS to determine the growing particle diameter (a) and the polydispersity

(b). Two important mechanistic insights can be obtained thereby: 1) Already at low conversions, the growing
particles are shown to have a polydispersity index below 0.02 and can be considered monodisperse. 2) The re-
action rate is fast compared to the gradual monomer addition. A volume of 1.7 mL monomer reacts in a matter
of approx. 15 minutes, giving a reaction rate of 0.1 mL/min. During the 30 s it takes to extract one fraction, 25
uL of monomer are added to the system (approx. 5-6 drops) which gives an addition rate of 0.05 mL/min. Since
the monomer-addition rate is much smaller than the reaction rate we can assume monomer-starved conditions.
The benefit of this starved-feed procedure is that the extracted dispersion possesses a high conversion and low
polydispersity. Consequently, it can be used for self-assembly without any purification steps. The presence of any
unreacted monomer would soften the latex beads leading to a film formation, which we don’t observe. Overall,
the CrEEP process can be considered robust and applicable for emulsion polymerizations as long as the extraction
rate is lower than the reaction rate.
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Figure S4: a) Results of viscosity measurements using an Ubbelohde viscometer. Measurements of the seed par-
ticle suspension, as well as the reaction mixture after CrEEP, show a slight increase in viscosity with a rising
volume percentage ofl atex particles. These measurements allowed approximate calculation of the Reynolds num-
ber in the tube during extraction using a density of 10 3 kg/m 3, a flow rate of 6 * 10 3 m/s and an inner diameter
of 2 ¥ 10" 3 m. The Reynolds numbers lie in the range of 1-5, which indicates laminar flow. It could, therefore, in
principle, be possible to omit the fractionation and simply rely on the absence of turbulence. b) Results of DLS
measurements of three identical CrEEP syntheses without air-fractionation. This shows both the pronounced re-
producibility as well as the possibility of making use of the low Reynolds number system instead off ractionation
to minimize mixing. In principle, the time-dependent increase in size can thereby still be translated into a po-
sitional dependency due to the laminar flow during extraction. c¢) Light microscopy images of drop-cast particle
assemblies. For larger particles (30 - 60 minutes), the assembly into colloidal crystals seems adequate, but smaller
particles do not show the characteristic blue color that can be seen with fractionation. As exhibited in the SEM
image in d), small crystalline domains exist but the greater part of the structure is disordered. We attribute this

to a near-zero flow rate at the tube walls, which causes mixing ofl arge and small particles. As the assembly is
known to be highly dependent on polydispersity, we, therefore, apply the fractionation approach in all further
experiments to minimize the mixing of particles with different diameters.

69



WILEY-VCH

Figure S5: Overview SEM-image of the yellow sample shown in Figure 1h. The crystalline nature of the assembly
proves the low polydispersity of each fraction.
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Figure S6: a) Schematic of the setup used for the semi-continuous filtration assembly of the 3D gradient structure.
The fractionated suspension is added slowly and discretely into an intermediate container equipped with a stirrer
bar. Here, the suspension is diluted with MilliQ water. The container is periodically emptied via a Pythagorean
cup mechanism, and the diluted suspension is transferred into a filtration setup allowing a particle assembly to be
formed. Due to the gradually decreasing diameters of the particles in the tube, this results in a size gradient in
the z-direction. b) A photograph of the assembly after the last fraction was added.
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Figure S7: Microscopy images of a cross-section of a gradient colloidal glass that has been coated with 10 nm of
carbon to reduce the effect of diffuse light scattering a) Height image obtained via laser scanning confocal mi-
croscopy b) The resulting image obtained from light microscopy at various focal positions after correlation with
the height image.
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Figure S8: Cross-sections of gradient colloidal glasses coated with 0, 5, 10, and 20 nm carbon (a-d, respectively).
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Figure S9: Microscopy images of cross-sections taken from different parts of the sample. These have not been
carbon-coated prior to the measurement. This highlights the in-plane homogeneity of the gradual size distribution
in the entire sample.
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Figure S10: SEM images obtained at equidistant positions along the z-direction of a gradient colloidal glass. The
yellow lines show the manual determination of the particle diameter of all evaluated particles. The examined re-
gions are approximately | pum wide and 10 pm apart from each other.
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Figure S11: Comparison of the size off ractions in the beginning (a), after 30 minutes (b), and towards the end

(c) of the CrEEP synthesis. The gradual decrease of the size of the fractions is an effect of the low gas barrier of
the silicone tube. The extraction process is sui#li[ciently slow for the diffusion of air from the outside of the tube
into the preformed gas separators to play a role. As the reaction proceeds and the amount of these gas fractions
increases, this effect becomes more pronounced, and the effective extraction speed gradually decreases. This coun-
teracts the increase in volume percentage ofl atex particles during monomer feed and plays an important role in
ensuring a linear gradient in later 3D self-assembly. Whereas the particle size increases from top to bottom, the
optical impression of the dispersion remains white for all fractions, which is caused by multiple light scattering.
The structural colors only evolve during the self-assembly process and are shown in Figure 1d and e in the main
manuscript.
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Figure S12: a)-c) Selection of microscopy images taken during microspectroscopy with a 50x-magnification ob-
jective. The white box is an overlay of the actual spot size as shown in d). The latter is determined by shining
a green LED through the optical path leading to the spectrometer. e)-f) Microscopy images with overlay and g)
spot-size corresponding to microspectroscopy using a 20x-magnification objective.
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Figure S13: a), b) Spectra taken using the small spot-size at equidistant positions along cross-sections of gradient
colloidal glasses without and with 5 nm carbon coating, respectively. c), d) Spectra taken using the large spot-size
at equidistant positions along cross-sections of gradient colloidal glasses without and with 5 nm carbon coating,
respectively.
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Figure S14: a) Light microscopy images of a cross-section tilted at angles between 0-50 °. The range of colors ob-
served in the gradient does not change with the viewing angle. b) Height profiles corresponding to the images in
a) showing how the tilt-angle was determined from the LSCM evaluation.
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Figure S15: Comparison of the first fraction (seed particles, blue) and last fraction (large particles, red) of the
two CrEEP syntheses used for the fabrication of the gradient colloidal glass and the mixed structure, respectively.
a) UV-Vis microspectra of drop-cast suspensions. b) DLS results showing the hydrodynamic diameter of the dis-
persed particles.
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Figure S16: LSCM images of cross-sections of all samples prepared via filtration. Three different cross-sections of
each sample are examined and verify that the thickness of all samples is comparable. a) small particles, b) large
particles, c¢) binary mixture, d) bilayer, e) gradient mixture, and f) gradient colloidal glass.
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Figure S17: SEM images of the sample prepared via filtration after mixing of all fractions obtained CrEEP syn-
thesis.
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Figure S18: a) 2D rigid body simulation of two types of circles with different diameters falling into a rectangular
basin. Diameters are set to exactly 8 or 12 units, respectively, and the total number of each type of circle is the
same. b) Radial distribution function (G(r)) of the circles after simulation. ¢) and d) Analogous simulation and
G(r)-evaluation of particles with diameters set to arbitrary floating point numbers between 8 and 12 units. e), f)
Simulation and G(r)-evaluation of monodisperse circles with a diameter of exactly 10 units resulting in an ordered
hexagonal array.
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Figure S19: Transmission UV-Vis microspectroscopy of dip-coated colloidal crystals. The blue, green, and red
plots correspond to colloidal crystals comprising particles of three different sizes. The orange curve shows the

spectrum of a trilayer sample where these three particle types were dip-coated one after the other.
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Figure S20: Characterization of a semibatch synthesis with an extended size range. a), b) DLS evaluation of
equidistant, monodisperse fractions, showing the linear increase in size and a larger range up to 450 nm. For
comparison: the maximum diameter in the synthesis shown in Fig. 1 is 320 nm c), d) SEM images of drop-cast

colloidal crystals originating from the first and last fraction, respectively.
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Figure S21: Characterization of the gradient colloidal glass obtained from the synthesis with an extended size
range. a) Cross-section image obtained vie LSCM of the gradient colloidal glass. The color gradient from blue
to red can be observed in the top half of the gradient, whereas the bottom part appears white due to coherent
scattering at wavelengths outside the visible region. b) Diffuse reflectance UV-Vis measurements of the extended
gradient structure as well as the gradient shown in Fig. 4i. As was targeted, the plateau of the extended gradient
covers a greater spectral bandwidth. This result is reminiscent of the red-shift of the step in local UV-Vis spectra
obtained with a large spot size shown in Fig. S13c.

21

86



WILEY-VCH

a b
100 100
()] (0]
&} o
C =
3 3
(o] (o]
2 2
Ko @
o o 4
20
0 T T T T 0 T T T T
400 600 800 400 600 800
Wavelength [nm] Wavelength [nm]

Figure S22: Diffuse reflectance measurements of gradient colloidal glasses as well as the mixed assembly. a) and b)
show spectra of colloidal assemblies prepared from a total of 4 different CrEEP syntheses to show the consistent
results between samples. The insets in a) show how the samples are prepared for spectroscopy by immobiliza-

tion on black double-sided tape, i) Mixture and ii) Gradient assembly. The scale bar is 10 mm. The white square

shows the spot size of the spectrometer. The black dotted line in the spectra is the reflectance spectrum of the
black backing layer.
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6. Homogeneous Polymer Films for Passive Daytime

Cooling: Optimized Thickness for Maximized Cooling

Thickness
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Materials that spontaneously cool below ambient temperature are of great interest to fight
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global warming. Increased film thicknesses typically improve thermal radiation, but
simultaneously increase uptake of solar radiance. A general approach is presented to balance
these two contributions and to determine the optimum thickness for passive daytime cooling

films.
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Homogeneous Polymer Films for Passive Daytime Cooling:
Optimized Thickness for Maximized Cooling Performance

Kai Herrmann, Tobias Lauster, Qimeng Song,* and Markus Retsch*

Passive radiative cooling materials that spontaneously cool below ambient
temperature can save tremendous amounts of energy used for cooling appli-
cations. A multitude of materials, structures, and fabrication strategies have been
reported in recent years. Important material parameters like a tailored or
broadband emissivity, angle selectivity, or the influence of nonradiative heat
losses were discussed in detail. The material thickness has been far less
researched and is typically chosen sufficiently thick to ensure high emission in
the atmospheric transparency window between wavelengths of 8-13 pm.
However, not only the material emittance but also atmospheric and solar energy
uptake depend on the material thickness. This broadband interplay has been less
addressed so far. Herein, it is shown how an optimum thickness of a passive
cooling material can be predicted when the optical properties of the material are
known. Using complex refractive index data, the thickness-dependent cooling
performance of polydimethylsiloxane (PDMS) in back-reflector geometry as
exemplary material is calculated. For both day- and nighttime operation, an
optimum emitter thickness is reported. The findings are verified experimentally
by measuring the equilibrium temperatures of PDMS films with different
thicknesses in a rooftop experiment. The presented analytical approach is directly

emerged that show a cooling effect below
ambient temperature, even with direct sun-
light illumination."” The key to achieving a
net cooling power is minimizing energy
absorption and maximizing energy emission.
A multitude of approaches were proposed
that lead to the desired optical properties,
including photonic structures,” polymeric
materials,”! and composite materials.”

A material is primarily a good candidate
for passive radiative cooling if it exhibits a
high emissivity in the wavelength range of
thermal radiation at ambient temperature.
This wavelength range is located in the mid
to far infrared (IR) region (/23-50 pm).
Second, a low absorptivity in the solar
region is required because any energy
uptake from the sun directly reduces the
cooling power. This energy absorption is
prevented by including a reflective metal
layer below the emitter material, ** using
a solar filter approach,'® or by efficient scat-

transferable to other materials.

1. Introduction

The field of passive daytime radiative cooling materials has
significantly developed in the last decade. Many new materials
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tering of solar wavelengths by the material
itself?*7! Third and most complex is to
avoid radiative energy uptake by the sur-
rounding atmosphere. As this radiance
appears in a similar wavelength regime as the emitted thermal
radiation, special care must be taken. The most common
approach here is to focus emission on the first (8-13 pm) and
second (16-28 pm) atmospheric transmission window where
low atmospheric radiation is present. With a confined emission
in this spectral region, the lowest temperatures below ambient
can be reached. However, the cooling power at ambient temper-
ature is reduced in comparison to a blackbody emitter.'**!
The material thickness is an essential parameter for the appli-
cability of passive cooling materials and was discussed by several
groups in the literature.*™ For example, in the work of Zhou
etal., a PDMS layer on an aluminum substrate is considered.”
The authors chose a 150 pm-thick layer and found that above
100 pm - thickness, the emissivity in the 8-13 pm wavelength
range was close to unity. In the work of Zhu et al., the thickness
of a PDMS layer on a reflective silver layer was discussed, and a
thickness of 200 pm was suggested.”™ The authors found that up
to this thickness, the emissivity in the wavelength range from 2.5
to 25 pm was increasing, but for a higher thickness of 300 pm,
there were only miner changes. Besides PDMS as emitting layer,
the group of Zhu et al. investigated the thickness of a composite
material consisting of In,0; particles in a polymethyl methacry-
late matrix."% They found the thickness of their composite needs
to be larger than 25pm to have high emissivity within the

© 2021 The Authors. Advanced Energy and Sustainability Research
published by Wiley-vCH GmbH
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first and second atmospheric window. In the work of Tian et al.,
poly-4-methyl-1-pentene (PMP) films of different thicknesses are
used to determine the complex refractive index of the material.l’®
In this work, the investigated film with a thickness of 1283 um
was found to have the highest absorptance within the first and
second atmospheric window. In all this previous work, the
emitter thickness was optimized to maximize the emission
within the first and/or second atmospheric window. However,
the material thickness also affects the solar absorption and atmo-
spheric energy uptake behavior of a material simultaneously.
This interplay of thickness dependencies for the different ener-
getic contributions has been barely addressed so far. The rele-
vance of optical thickness in the solar range becomes even
more relevant, considering emerging aesthetic passive
cooling designs, where colored films are fabricated. As long as
coloration is not based on Bragg diffraction,'!) a suitable tradeoff
between color impression and thermal load based on the
absorption and thermalization process™! needs to be found.

This work focuses on PDMS as an often used and well-
characterized passive cooling material to conceptually address
the optimum thickness of an emitter material. Our study
provides a theoretical approach based only on the fundamental
optical constants for estimating the optimum emitter thickness.
Experimental data subsequently verify the outlined theoretical
framework. Therefore, PDMS thin films of several thicknesses
on Ag mirrors were prepared to determine the equilibrium
temperatures below ambient during day- and nighttime. In
conclusion, we point out how to optimize the sample thickness
of a given emitter material for passive day- and nighttime cooling
applications in the back-reflector geometry.

2. Theoretical Approach

To determine the optimum thickness, we first derive how the
individual energetic contributions of a passive cooling material
depend on the emitter material thickness. Taking into account
all the energy exchange processes, the net cooling power Py
can be defined as!'¥

Pcool = Pmat - Psun - Patm - Pmmrad (1)
where P, represents the energy radiated by the material, Py,
the absorbed energy due to solar radiation, P, the absorbed
energy due to atmospheric radiation, and P,,.q intrinsic losses
due to convection and conduction. The considered energy
exchange processes are schematically shown in Figure 1.

To calculate the different energetic contributions, the
broadband optical constants of the emitter material, a solar
radiation spectrum, an atmospheric transmission spectrum,
and the nonradiative heat transfer coefficient are required.
Typically, the AM1.5 spectrum is used to model solar radiation.
An atmospheric transmission spectrum at the measuring loca-
tion is modeled using Modtran to allow for the highest accuracy
possible."* The data used for the calculations performed in this
article and a schematic for calculating the thickness-dependent
angular and spectral emissivity are shown in Figure 2.

The energy radiated by the emitter material can be calculated
using the spectral radiance I, described by Planck’s law, which
depends on the emitter material temperature T, and the
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Figure 1. Schematics of the radiative cooler containing the considered
energy exchange processes.

emissivity of the emitter material e,.(4,h,6), depending on
wavelength 1, thickness h and polar angle @, and the azimuthal
angle o.™

2 w2 o
Prat = / d(p/ ‘ sinecos()dH/ Ip(A, Tinat) * €mar(4, b, 0)dA
JO J0 JO
(2)

Azimuthal dependency is not considered in our spectral-
dependent and directional-dependent viewpoint and therefore
reduces to a factor of 2z.

/2 co
Pra = 2:1] sin@cosﬂ/ Io(A, Tonar) - €mar(4, b, 6)dAde  (3)
0 0

Here, the thickness dependency becomes evident because the
emittance of the film depends on the material thickness h. The
angular and spectral emittance of the film e,,,(4, k, @) is defined

as 1 — R(4, h, ), where R(4,h,6) = iﬂj is the reflectance, as pro-

posed by Zhu et al.") A schematic representation for calculating
the angular and spectral emittance is shown in Figure 2b.

To calculate the emittance, the following parameters are
introduced with the Fresnel equation for s- and p-polarized
waves, respectively

rs Ny COS 65 — Fpar COS 01 (4)
air,mat Fair €OS &; + Hypnat COS 6,

» Mg €086 — nyipcos 6,

ot = 5
armat o, €080, + ny, cosé, )

Naix 2 s 2
costy = /1 — _— sin“g; (6)

mat

Perfect reflection at the material-silver interface results in

|Es*
|E,|?

exp(—2a - heg) 7

With the absorption coefficient @ and the angle-dependent
effective thickness h.g as
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Figure 2. a) Atmospheric transmittance spectrum generated using Modtran for the measurement location (Bayreuth), as well as the employed AM1.5
solar spectrum.l"** b) Schematics for calculating the angular and spectral emittance based on the complex refractive index of the material and its thick-

ness. c) Utilized complex refractive index data for PDMS.'®

47k
s

her = h/ cos 6, (8)

For an incoherent wave, one can calculate the reflectance for s-
and p-polarization following the derivation of Zhu et al.'” as

1- (rzif,mat)”l exp(—2at - hegr)
1= |1 mat|* €Xp(—20 - hegr)

RSJP = ‘Ti'ilr:,matlz +

&

The spectral-, thickness-, and angular-dependent emittance is
then finally calculated as

R+ RP

ema(d, h,0)=1— 3

(10)

The thickness dependency of the material’s emittance is
apparent in the energy radiated by the material and the energies
absorbed due to solar and atmospheric radiation. As for the
incoming radiation from the sun, a fixed position is used with
Osun = 48.2° for AM1.5 conditions, the angular integration
vanishes, and only a spectral integration is performed.

Py = L IAM].S(/{) . Emar(’ll h, gsun)d’l (11)

Here, I\ 5 denotes the AM1.5 spectral distribution of solar
radiation depicted in Figure 2a. In contrast, for incoming radia-
tion from the atmosphere, the angular integration has to be per-
formed.

/2 oo
Pon = znf sin0c059/ Ip(A Tym )
0 0

Eam (4, 0) - €ar(4, b, 0)dAdE

(12)

where eym(4,0) = 1 — Ty (4,0)1/ <59 with 7,,(4,0) being the
spectral transmittance of the atmosphere at zero zenith angle
depicted in Figure 2a."* Intrinsic losses due to convection
and conduction are treated with a comprehensive heat transfer
coefficient hyonrad-
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Pnonrad = hnonrad . (Tatm - Tmat) (13)

This heat transfer coefficient is taken as an average of
literature  values with  hpoueq = 4.4W m 2K 1 1b221014.15]
Instead of performing the spectral integration from zero to infin-
ity, the upper boundary is set to 55 pm due to limited data avail-
ability. This limit is justified because approximately 97% of the
emitted thermal energy at 298K is confined to wavelengths
below 55 pm. Furthermore, convergence of the resulting cooling
power as a function of the upper integration boundary is shown
in Figure S1, Supporting Information. Moreover, the influence
of the comprehensive heat transfer coefficient hyonra is also
shown in Figure S2, Supporting Information.

3. Results and Discussion

3.1. Calculations

To illustrate the concept of an optimum emitter thickness, we
first examine the individual energetic contributions for PDMS
at Ty~ At ambient temperature, the nonradiative contributions
Pronraa €an be discarded, as no intrinsic losses due to conduction
or convection are present, and emitter and atmospheric thermal
radiation are modeled at the same temperature. The remaining
contributions of Equation (1) and the resulting cooling power at
ambient temperature are depicted in Figure 3.

Figure 3a displays the daytime case, revealing an optimum
emitter thickness where the resulting cooling power is maxi-
mized. At low thicknesses Py, and P,,, exhibit an increase.
This is the case because the absorption coefficient of PDMS
has the highest order of magnitude in the IR regime where
P and P, have their origin. At thicknesses above 1 x 10~
m, those contributions reach a quasiplateau, where the differ-
ence between them remains approximately constant. At the same
time, for emitter thicknesses above 1 x 107> m, the absorption in
the solar wavelength regime is no longer negligible. The
absorbed energy due to solar radiation increases, with further
increasing the emitter thickness. The counterbalance between
the increasing emitted power below 1x 10™* m and the
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Figure 3. Individual energetic components contributing at ambient temperature as a function of thickness, as well as the resulting cooling power, during

a) daytime and b) nighttime.

increasing absorbed power due to solar radiation above 1 x 1073
m, therefore, leads to a maximum cooling power as a function of
emitter thickness. For the nighttime case in Figure 3b, the con-
tribution of solar radiation is zero, leading to a plateau being
reached at high emitter thicknesses. Even as the emitted power
and the power absorbed due to atmospheric radiation both con-
tinue to increase with increasing emitter thickness, the resulting
cooling power asymptotically approaches a constant value.
Therefore, no optimum thickness is apparent, but a minimum
thickness required to reach the highest cooling power can be
estimated.

After the individual contributions have been treated as a func-
tion of thickness at ambient temperature, the resulting cooling
power for PDMS as a function of emitter thickness and emitter
temperature is shown in Figure 4. Here, the cooling power is
color-coded and displayed as a function of thickness and temper-
ature difference relative to the atmospheric temperature.
Negative cooling powers, equivalent to a sample that heats up,
are not shown for simplicity. The boundary of the color-coded
area thus represents the achievable equilibrium temperatures
below ambient for the respective thickness. Red dots highlight
the thickness with the highest cooling power at the respective
temperature below ambient.

In general, the cooling power decreases as the material cools
below ambient temperature (T, — Tha > 0), as the blackbody

o
2

(b)

Tatm=Tmat [K]
(=]

Tatm=Tmat [K]

1071

T10-
Thickness [m]

107 1073

radiation is reduced, and nonradiative heat transfer is apparent.
An optimum thickness effect can be recognized in both the
maximum cooling power at ambient, as discussed above, and
the minimum equilibrium temperature below ambient, and
therefore the highest temperature difference, for the daytime
case. A slight shift of the highest cooling power to lower thick-
nesses with increasing the temperature difference between mate-
rial and ambient is apparent. This shift can be understood as
the emitted power approximately scales with temperature to
the fourth power. A lower emitted power due to a lower emitter
temperature is then counterbalanced by the incoming solar and
atmospheric radiation at lower thicknesses. Our result confirms
that a cooler with a certain thickness can either reach the lowest
possible equilibrium temperature or the highest cooling power at
ambient temperature. Conceptually, both cannot be optimized
simultaneously, even as the absolute thickness values only differ
by half an order of magnitude. This distinction was also the sub-
ject of discussion by other researchers when comparing different
artificial emitter materials, where a blackbody emitter has higher
cooling power at ambient but selective emitters can reach lower
equilibrium temperatures.'*®l

The resulting cooling power as a function of thickness
and temperature during nighttime for PDMS is shown in
Figure 4b. Close to ambient, as discussed in Figure 3b, the cool-
ing power asymptotically approaches a maximum value, where

Peool [W m™2]

1074 1073

10
Thickness [m]

10°°

Figure 4. Resulting cooling power as a function of thickness and emitter temperature, as well as highlighted thickness (red dots) with the highest cooling

power at the respective temperature, during a) daytime and b) nighttime.
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an increase in thickness only incrementally increases the maxi-
mum cooling power due to the exponential nature of the material
emissivity. Compared to the daytime case, higher cooling powers
and lower equilibrium temperatures can be reached due to the
absence of solar radiation. Only above a certain temperature dif-
ference threshold, an optimum thickness in a similar order of
magnitude as for the daytime case becomes apparent. This effect
is discussed in Figure S3, Supporting Information, as the effect
is significantly less pronounced than during daytime. In general,
for materials with different optical properties, an optimum thick-
ness for the nighttime cooling power may be more strongly pro-
nounced and should, therefore, be separately verified.

The main difference between day- and nighttime is a clearly
defined optimum emitter thickness during daytime. In contrast,
a plateau is reached at high emitter thicknesses during night-
time, and only above a certain temperature difference threshold,
an optimum thickness becomes apparent.

To point out that this is a general effect and not only applicable
to PDMS, we performed similar calculations for other commer-
cial polymeric materials, i.e., polystyrene (PS), polymethyl
methacrylate (PMMA), and polyethylene terephthalate (PET),
where broadband complex refractive index data are available
in the literature.!"® There, the same basic principles of optimum
emitter thickness apply and are shown in Figure S4, Supporting
Information.

3.2. Sample Characterization

To confirm our theoretical observations, we prepared a set of
PDMS films with different thicknesses and characterized their
absorption properties with UV-vis and FTIR spectroscopy.
Further, we conducted rooftop experiments to determine the
reached equilibrium temperatures (see Experimental Section).

The actual absorptance of PDMS films with different thick-
nesses on reflecting Ag films is displayed in Figure 5. For thinner
PDMS layers, the emission is more confined within the first
atmospheric window. We attribute this to the high absorption
coefficient of the material in this spectral region. For higher
thicknesses, the absorptance in the near-IR region is substan-
tially increasing, leading to an overall increase in emitted radia-
tion. However, at the same time, the absorption of solar radiation
is promoted. The silver mirror efficiently reflects all wavelengths
larger than 400 nm and, therefore, prevents absorption of solar
radiation by the underlying substrate. However, for shorter
wavelengths, the absorptance increases. This loss in cooling
power cannot be avoided in our sample geometry and leads to
reduced cooling power in the daytime case.

To compare if the used optical data can adequately describe
our samples, we calculated the absorptance for the respective
thicknesses based on the complex refractive index. The resulting
absorptance spectra (Figure S5, Supporting Information) capture
the main features in the mid-IR region. However, in the solar
region, larger deviations for the thickest sample are evident.
Therefore, the exact determination of the complex refractive
index is crucial for a prediction of the cooling performance.
Substantial variations in the absorption coefficient can be
expected for every material due to the large wavelength range
relevant for passive cooling materials. The availability of precise
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Figure 5. Absorptance of the respective PDMS samples with different
thicknesses on Ag mirrors from UV-vis to mid-IR range.

theoretical data spanning several orders of magnitude is a
limitation of our theoretical approach.

3.3. Rooftop Measurements

We experimentally determined the passive cooling performance
of PDMS films with different thicknesses by a rooftop experi-
ment to verify the theoretical expectation. PDMS films were
prepared on Ag-coated silicon wafers by spin coating or
attachment (see Experimental Section). As shown in Figure 6,
samples were placed individually in self-built setups for rooftop
measurements.

Styrofoam ingulation was applied to the outside to reduce
conduction, and a low-density polyethylene (LDPE) cover was
used to minimize convection, respectively. Additionally, the
entire setup was covered with Al foil to reflect most of the solar
irradiation. To ensure comparability between the different
setups, the variety between each setup was first checked by
tracking the temperature of five identical Al mirrors in daytime
(Figure S6, Supporting Information). A minor deviation of
~0.5°C was observed during a 1.5h rooftop measurement,
under the average direct sunlight irradiation of 857 Wm™2.

In the daytime experiment, as an LDPE foil is applied to pre-
vent convection, a slight greenhouse effect is apparent in the
measurement cell,l'”! which results in a temperature elevation
of all measured samples when exposed to the sunlight. As shown
in Figure 6b, the temperature of the bare Ag mirror itself
increased by =7 °C at an average direct sunlight irradiation of
754 W m 2, compared to air temperature. We attribute this
greenhouse effect to a parasitic solar absorption of the sample
holder and of the Ag mirror itself. Consistently, we do not
observe this increase of the temperature baseline during
nighttime, where the Ag mirror exhibits a similar temperature
to air. To have a precise comparison and to emphasize the impact
of the layer thickness on the passive cooling performance of the
emitter, the measured temperature of the PDMS films with
different thicknesses is, therefore, compared to the bare Ag
mirror. During the experiment, the Ag mirror is exposed to com-
parable measurement conditions as the samples (Figure 6c,e).
We, therefore, use the Ag mirror temperature as reference
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Figure 6. Rooftop measurement for PDMS films at day- and nighttime. a) Photographs and schematic of the setup for rooftop measurements.
Temperature tracking of PDMS films on Ag mirror with different thicknesses, i.e., 712 nm, 19.2 pm, 88.4 pm, and 2.35 mm, and the bare Ag mirror,
b) daytime and d) nighttime. The average solar irradiation during the entire daytime measurement was 754 W m~2. The temperature difference between
the bare Ag mirror and the PDMS films as a function of layer thickness at c) daytime and e) nighttime, respectively. The measurement was carried out

under a clear sky on 23.04.2021, Bayreuth, Germany.

instead of the air temperature, which is susceptible to measure-
ment conditions, e.g., location or wind speed.

In the nighttime experiment (Figure 6d), the passive cooling
effect of the PDMS films is directly observable. All films cool
down from their initial temperature (air temperature) after
exposure to the clear sky until a steady state was approached.
By contrast, the Ag mirror reference exhibited only an insignifi-
cant temperature reduction, which is likely attributed to the thin
passivating layer of SiO,.

To compare the cooling performance of the samples, we
extracted the steady-state temperature difference between
PDMS films and the Ag mirror reference from the experiments.
The average temperature difference data in the steady state
regime (after 45min) are displayed in Figure 6c,e. During
daytime, the temperature difference increased from 4.7 K for
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the 712 nm thick film to 7.4 K for the 88.4 pm film. We attribute
this increase in passive cooling performance to the increased
overall emittance of the film. In contrast, the passive cooling per-
formance is reduced for the much thicker 2.35 mm PDMS film.
In this case, the temperature difference dropped to 5.3 K. We
attribute this drop to the increased absorption of solar radiation,
as discussed in Section 4.1 (Figure 3a). For the nighttime case,
the observed temperature difference between films and reference
increases with increasing film thickness, reaching a plateau at
high thicknesses. For the larger thicknesses, the temperature
difference is not significantly increased further.

Despite the differences in the assumptions made in the cal-
culations and actual experimental conditions, the observations
of thickness-dependent passive cooling performance of PDMS
films are in good agreement with the results obtained from
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Figure 7. 24 h rooftop measurement of PDMS films with different thicknesses. a) Temperature tracking of different samples. Corresponding solar
irradiation is plotted as the background. b) Temperature difference between Ag mirror and the PDMS films (T, — Tny) during the entire measurement,

along with the absolute humidity (AH). The measurement was carried out under a clear sky, on 25-26.04.2021, Bayreuth, Germany.

our theoretical calculations. Sources of error having the most
significant influence are deviations of the actual solar and atmo-
spheric spectra to the ones used for calculation, as well as devia-
tions of the sample’s optical properties from those calculated by
the optical constants. Also, the exact determination of the com-
prehensive heat transfer coefficient would increase the accuracy
of the calculations but is a nontrivial task. As many parameters
influence the net cooling power in complex and entangled depen-
dencies, the agreement of theory and experiment is nevertheless
very convincing. All the mentioned sources of error affect the
absolute values of the equilibrium temperature, but not the
day- and nighttime dependence trend.

To ensure that the observed behavior of the samples with dif-
ferent thicknesses is also valid for a more extended measurement
time, we performed continuous measurements (from 18:00, 25th
to 18:00, 26th April 2021, University of Bayreuth, Bayreuth,
Germany). The measured temperatures of the different samples
and an Ag reference are presented in Figure 7a. All PDMS films
with different thicknesses exhibit a lower temperature than the
Ag mirror in the entire 24 h measurement. The overall temper-
atures are lower during nighttime and increase with the onset of
solar irradiance. To further reveal the thickness dependence on
the cooling performance of PDMS films, the temperature differ-
ence (Tay — Thy) is plotted in Figure 7b. A maximum tempera-
ture difference of 3.2, 4.4, 4.3, and 4.7 K was obtained for the
712nm, 19.2 pm, 88.4 pm, and 2.35 mm PDMS films during
nighttime, respectively. In contrast, a maximum temperature dif-
ference of 5.8, 7.4, 8.1, and 6.7 K was observed from the 712 nm,
19.2 pm, 88.4 um, and 2.35 mm PDMS films in daytime. The
observed temperature difference is consistent with our previous
observations in short-time rooftop measurements and the
simulation result. Again, for the nighttime case, except for
the thinnest sample, the different thicknesses reach similar
temperature differences in accordance with the short-time
measurement. During daytime, the different thicknesses spread
out, revealing the optimum thickness effect.

The absolute temperature difference is smaller for the night-
time period of the experiment compared to the daytime. This
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observation is counterintuitive because, during daytime, addi-
tienal cooling power is lost by the absorption of solar radiation.
However, the absolute sample temperature is lower at nighttime,
so a reduced cooling power is apparent. Besides the absolute tem-
perature also the humidity in the atmosphere is affecting the
cooling potential. We monitored the relative humidity (RH) next
to the experimental setup and calculated the AH present to
account for changes in temperature (Figure 7b). The atmos-
phere’s higher water content during nighttime decreases
the atmospheric transparency, and hence the atmospheric
radiance increases, leading to a smaller equilibrium temperature
difference.

4, Conclusion

In this work, we presented a complex refractive index-based
method to determine the optimum thickness for passive-cooling
emitter materials in a back-reflector configuration. We observed
optimum thicknesses in both day- and nighttime applications,
depending on the optical properties of the material. The opti-
mum thickness significantly influences the daytime application,
while it is rather a factor in minimizing fabrication costs at maxi-
mum cooling capacity during nighttime. Our calculations further
confirmed that a cooler with the highest ambient temperature
cooling power does not necessarily reach the lowest equilibrium
temperature. Qur approach focuses on materials that use a back-
reflector geometry to prevent solar heat uptake. The theoretical
prediction can also be used for coolers that operate with a solar
filter layer or rely on a scattering approach. For these calculations,
the model needs to be adjusted to deal with the solar radiation
term properly. Especially, proper complex refractive index char-
acterization and theoretical description of a highly scattering
material can be challenging. Overall, we emphasize that in addi-
tion to the passive cooling material and its nano/microstructure,
the layer thicknesses of the passive cooling device needs to be
optimized as well.
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5. Experimental Section

Calculations: An atmospheric temperature of 298.15 K was used for
both day- and nighttime to calculate the cooling power. All integrations
were done using the trapezoidal integration method in Matlab. As func-
tions inside the integrals need to have the same energy spacing to perform
numerical integration, the spectral radiative powers of the sun and atmo-
sphere are adapted to the complex refractive index spacing of the material
because they are available in higher resolution. This adaption was done
using the 1D data interpolation method in Matlab.

Fabrication of PDMS Films on Ag Mirrors: PDMS films with different
thicknesses were prepared on protected silver mirrors. For the mirrors,
a 100 nm-thick Ag layer was thermally evaporated on the wafer.
Following, a 10 nm-thick layer of silicon oxide was deposited with a sputter
coating step. This additional protection layer is used to prevent oxidation
of the silver layer after PDMS deposition. A prepolymer mixture of PDMS
(Sylgard 184, Dow Chemical) with a mixing ratio of prepolymer to
cross-linker of 10:1 (by mass) was degassed in a desiccator with reduced
pressure. The mixture was spin-coated on the mirrers with 1000 and
3000 rpm to obtain layers with /2100 and 20 pm thickness, respectively.
For the approximately 1 pm-thick PDMS layer, the prepolymer/cross-linker
mixture was diluted to a 25 wt% solution with n-hexane. The mixture was
then spin-coated onto the silver mirror with 4000 rpm. The layers were
cured at room temperature over 48 h. For the sample with 2.35 mm thick-
ness, the prepolymer mixture was filled in a mold and cured at 75 °C for
1.5 h. A circular piece with a diameter of approximately 5 cm was cut and
gently placed on a silver mirror.

The sample thickness of the thinner samples (712 nm, 19.2 ym, and
88.4 um) was determined with a 3D laser scanning microscope (LEXT
OLS 5000, Olympus). A small incision was made to determine the actual
height of the polymer layer. An area of 258 pm? around the incisions was
imaged, and the height difference was determined by averaging the two
major height fractions present in the image. The 2.35 mm high sample
height was determined with a touch probe (Litematic VL-50, Mitutoyo).
Different spots on the sample were measured, and the resulting height
values were averaged.

Optical Characterization with UV-vis and FTIR Spectroscopy: UV-vis
reflectance R was measured with a UV-vis spectrometer (Cary 5000,
Agilent Technologies) equipped with an integrating sphere accessory
(Labspheres). The measurements were conducted at the reflection port
of the sphere with a fixed incident angle of 8°. As a reference, a
Spectralon diffuse reflectance standard (Labspheres) was used. The
FTIR spectroscopy measurements were conducted with an IR spectrome-
ter (Vertex 70, Bruker) combined with a gold-coated integrating sphere
accessory (A562, Bruker). The measurements were performed at the lower
reflection port of the accessory (non-normal incidence). As a reference, a
gold mirror was used. The absorptance (emittance) A was calculated con-
sidering the energy conservation with A = 1-R assuming that transmission
can be neglected due to the silver layer.

Rooftop Performance Experiment: All rooftop measurements were
carried out on the roof of a four-floor building (University of Bayreuth,
Bayreuth, Germany) under a clear sky. The emitter was placed in a home-
made sample holder (3D printed with material of acrylonitrile butadiene
styrene), which was thermally insulated by Styrofoam and covered with
Mylar aluminum Foil (Figure 6a). LDPE foil with a thickness of =10 um
was applied to the sample holder to prevent convection. The emitter
temperatures were measured by PT100 temperature sensors and recorded
by a digital multimeter (DAQ6510, Tektronix, Germany) every 5s. Air
temperature is measured with a thermal couple (T-type) which is placed
in the ambient environment next to the setup. The solar irradiance data are
obtained from the weather station University Bayreuth (Ecological-
Botanical Garden, 400 m away from the rooftop measurement). During
the rooftop measurement, all sample setups were first stored under
the table to achieve a similar starting temperature. A few minutes after
the start of data recording, the sample setups were placed on the table
to face the sky. Short- and long-term measurements were conducted
for 1.5 and 24 h, respectively. During the measurements, the RH was
tracked with a temperature logger (LOG220, DOSTMANN electronic
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CmbH) next to the setup. The AH in gm*
RH in percent and the ambient temperature T,
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the author.
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ST 1. Convergence of the resulting calculated cooling power

To verify the convergence of the resulting cooling power as a function of the upper integration
boundary, we map out the corner points of the thickness-temperature space shown in Figure 4.
Namely, those are thicknesses of 11077 m and 1+ 1073 m and temperatures differences of 0

K and 12.5 K relative to ambient.

1077 m, AT=0K

—h=1
100r —h=1-107m, AT=125K
— h=2-10"3m, AT=0K
— h=2-10"3m, AT=12.5K
0

Peoor [W m™2]

10 10-°
Upper integration boundary [m]

Figure S1: Convergence of the integrated total cooling power as a function of upper integration

boundary for the points enclosing the analyzed temperature and thickness space.

Convergence of the resulting cooling power as a function of the upper integration can be seen.
For high thickness and temperature differences, maybe higher integration boundaries might be
needed, but for the calculations performed in this work, the upper integration boundary of 55

um is sufficient.
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SI 2. Influence of the non-radiative heat transfer coefficient

To analyze the influence of the comprehensive heat transfer coefficient due to convection and
conduction, several coefficients are used spanning two orders of magnitude. Regardless of the
absolute value, an optimum thickness is always apparent. As intrinsic losses increase, smaller

temperature differences to ambient are apparent, as to be expected.
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Figure S2: Influence of the non-radiative heat transfer coefficient on the net cooling power for

PDMS.
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ST 3. Optimum emitter thickness during night-time

Only above a certain temperature difference threshold, an optimum thickness in a similar order
of magnitude as for the daytime case becomes apparent. This maximum has a different origin
compared to the daytime case. As the emitter temperature decreases, the power radiated
decreases due to Planck's law of radiation. Above a certain threshold, for PDMS approximately
3 K below ambient, the derivatives regarding the thickness of the power absorbed and emitted
have an intersection point. This intersection point represents a zero crossing in the derivative
of the net cooling power, and in this case, a maximum cooling power. To better illustrate this

effect, we focus on a temperature difference of 0 K and 10 K relative to ambient temperature.

a ’ ’ ‘ ‘ b ‘ ’
(a) 10.0} — Pt AT=0K (b) — Pl AT=0K
Prmat _ L 3Pcool — J
e, AT=10 K 2 S, AT=10K
__ 9Pam
7.5+ ah —
o 7
1
£
€
=1
2 s5.0f =
315 S8
25+
0 ______________________________________
0.0 1076 10°° 1074 1073 1076 1073 1074 1073
Thickness h [m] Thickness h [m]

Figure S3: Numerical derivatives of the individual energetic contributions of material and
atmosphere as a function of thickness during night-time (a), as well as the total cooling power
(b) with respect to thickness. For AT = 10 K, there is an optimum thickness apparent, while
there is none for AT = 0 K.

At ambient temperature, the derivative of the power emitted is continuously higher than the
derivative of the power absorbed by the atmosphere. As the emitter temperature decreases,
above a certain thickness, here approximately 20 pm, the derivative of the power absorbed by
the atmosphere exceeds the derivative of the power emitted. This point represents a zero
crossing of the total cooling power, depicted in Figure S3b, and in this case, a maximum cooling

power that is not apparent at ambient temperature.
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SI 4. Verification of the calculations by means of further materials

We also performed calculations based on the complex refractive index of other polymeric

materials to verify the optimum thickness effect for passive cooling in back-reflector

geometry.!!l For polystyrene, polymethyl methacrylate, and polyethylene terephthalate, the

cooling powers as a function of thickness and temperature are shown in Figure S4.
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Figure S4: Resulting cooling power as a function of thickness and emitter temperature, as well

as highlighted thickness (red dots) with the highest cooling power at the respective temperature,

during daytime and night-time for polystyrene (a), (b) polymethyl methacrylate (¢), (d) and

polyethylene terephthalate (e), (f).
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All materials investigated exhibit an optimum thickness during daytime, while the position, as
well as the absolute cooling powers, vary. The same can be seen during night-time, whereas the
temperature threshold below which an optimum thickness becomes apparent is also dependent
on the emitter material. In summary, this can be interpreted as a general confirmation of the

effect.
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SI 5. Complex refractive index data as a source of error

The primary source of error, in addition to the atmospheric and solar spectrum, are the complex
refractive index data of the investigated emitter material. A comparison of the measured
absorptance spectrum and the expected absorptance based on the measured thickness and the

complex refractive index is shown in Figure S5.
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Figure S5: Measured absorptance (a) in comparison to the estimated absorptance based on the
complex refractive index data and thickness (b) for an angle of incidence of 8 °.

A qualitative agreement between measured and estimated absorptance spectrum is apparent,
while the absolute values exhibit clear deviations. The main drawback is the overestimation of
the absorption in the solar regime, leading to an optimum cooling power at lower thicknesses.
For further work based on this approach, accurate complex refractive index data are, therefore,

crucial.
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ST 6. Verification of the measurement setup

To determine errors induced by the measurement setup, a measurement with five identical Al

mirrors was performed.

C;

N
5
T

Temperature [°C]
N
=)

16

0 20 40 60 80
Time [min]

Figure S6: (a) photography of the setups used to measure the samples' daytime cooling
performance. (b) Comparison of sample temperatures for the samples during the measurement
time. Mean and standard deviation of five identical Al mirrors under the average solar
irradiation of approximately 856 W/m?, (Start at 12:20, 23™ April 2021, University of Bayreuth,
Bayreuth, Germany)

As the identical Al mirrors exhibit a maximum standard deviation of £0.3 K, not to overstate

our results an error of the measurement setup of £0.5 K is assumed.

References

[1] a) X. Zhang, J. Qiu, X. L1, J. Zhao, L. Liu, J. Quant. Spectrosc. Radiat. Transfer 2020,
252,107063. b) X. Zhang, J. Qiu, X. Li, J. Zhao, L. Liu, Appl. Opt. 2020, 59 (8), 2337-2344.

106



7. From Chitosan to Chitin: Bio-Inspired Thin Films for

Passive Daytime Radiative Cooling

HO

OH
0
HO ol AT

NH,

Chitosan )

The potential of chitosan and chitin for the application as passive radiative cooling materials is
investigated. A solid-state reaction is used to convert chitosan to its insoluble form chitin.

Based on extensive optical characterization, both biopolymers are capable of below ambient
temperature passive cooling.
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From Chitosan to Chitin: Bio-Inspired Thin Films for Passive

Daytime Radiative Cooling

Tobias Lauster, Anika Mauel, Kai Herrmann, Viktoria Veitengruber, Qimeng Song,

Jiirgen Senker, and Markus Retsch*

Passive radiative daytime cooling is an emerging technology contributing to
carbon-neutral heat management. Optically engineered materials with distinct
absorption and emission properties in the solar and mid-infrared range are at
the heart of this technology. Owing to their low emissive power of about

100 W m~2 during daytime, substantial areas need to be covered with passive
cooling materials or coatings to achieve a sizeable effect on global warming.
Consequently, biocompatible materials are urgently needed to develop
suitable coatings with no adverse environmental impact. It is shown how
chitosan films with different thicknesses can be produced from slightly acidic
aqueous solutions. The conversion to their insoluble form chitin in the solid
state is demonstrated and the conversion is monitored with infrared (IR) and
NMR spectroscopy. In combination with a reflective backing material, the
films show below-ambient temperature cooling capabilities with a suitable

1. Introduction

With the prospects of global warming, the
demand for cooling applications is expected
to increase in the future. In classical active
cooling technologies like air conditioning,
the heat is spatially displaced but remains
in close vicinity. Furthermore, the AC unit
releases excess waste heat into the environ-
ment. This leads to heat accumulation, es-
pecially in urban areas. Therefore, develop-
ing new materials to save energy for cool-
ing applications is of great interest. One
promising concept to mitigate the heat is-
land effect can be found in materials that
cool in a passive manner. By tuning the op-

emissivity in the mid-IR region and low solar absorption of 3.1-6.9%,
depending on the film thickness. This work highlights the potential of
chitosan and chitin as widely available biocompatible polymers for passive

radiative cooling applications.
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tical properties of a material such that it effi-
ciently emits energy in the form of thermal
radiation, cooling can be achieved without
energy input during operation.

This potential for cooling applica-
tions was already identified and theoret-
ically described several decades ago.l!
Passive radiative cooling materials dissipate heat into outer space.
For this heat sink to be accessible, the radiation needs to pass the
atmosphere, which is only partially transparent. The most crucial
wavelength region is located in the mid-infrared (mid-IR) region
between 8 and 13 pm, where the atmosphere is mostly transpar-
ent, and blackbody radiation at typical ambient temperatures (298
K) shows an emission maximum. If a material emits energy in
only partially transparent or opaque wavelength regions, it de-
pends on the temperatures of the material and the atmosphere
whether cooling occurs.

During the daytime, sunlight absorption must be prevented to
provide a net cooling effect. Beginning with the first works that
demonstrated cooling under direct sunlight illumination,!?! the
field of passive radiative daytime cooling significantly developed
over the last decade.*!

Polymeric materials such as polydimethylsiloxane!*! or fluo-
rinated polymers’®! are heavily investigated because they show
beneficial absorption {and therefore emission) characteristics in
the mid-IR region due to resonance of molecular vibrations.
At the same time, those materials absorb very little sunlight.
In combination with a metallic reflection layer to prevent sun-
light absorption of the underlying substrate, simple and low-
cost passive radiative coolers were realized. Other works com-
bine inorganic particles with a polymeric matrix to achieve the
desired optical properties!® or utilize metal-dielectric multilayer

© 2023 The Authors. Advanced Science published by Wiley-VCH CmbH
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photonic structures to tune the absorption and reflection.”] The
use of metallic reflection layers can even be omitted if the ma-
terial sufficiently backscatters the sunlight. This was shown in
recent works, where porosity was introduced to the systems to
enable scattering.*| Besides synthetic materials, bio-based mate-
rials have been researched. Especially, cellulose-based materials
like wood or cellulose fibers drew increasing attention because
they are abundant, low cost, and have a minimum environmen-
tal impact.l®l Cellulose derivatives like cellulose acetate showed
remarkable scattering properties when structured, as demon-
strated in recent works.[”) Also, natural silk showed cooling ca-
pabilities with strong reflectance attributed to Anderson local-
ization within the fibers.'""! Another natural source of inspira-
tion has been the Silver Sahara Ant for passive daytime cool-
ing concepts and materials.""l An intricate multiscale structure
of nano-corrugated prismatic fibers based on chitin (CT) was
shown to cool the Silver Sahara Ant by reflection in the solar
range and enhanced emission in the mid-IR range. Furthermore,
chitosan (CS) or its acetylated form CT is a material that can
form structures with extraordinary optical properties. For exam-
ple, the scales of the Cyphochilus beetle exhibit whiteness due to
light scattering at the random CT network structure.l'?! A prop-
erty that is also very desirable for passive radiative cooling ma-
terials. CS is, after cellulose, the second most abundant polymer
in nature but has received very little attention for passive radia-
tive cooling. Due to the polycationic nature of the polymer, it has
been shown that CS sponges are excellent for the adsorption of
anionic pollutants.**) Further applications are found in medical
fields as support for tissue engineering,™ as a sensor for bacte-
ria detection,!”®! or as template source for the fabrication of syn-
thetic nacre.l'®! Besides the abundance, CS has the advantage of
being soluble in dilute acetic acid, enabling the processing from
solution. However, CS’s potential for passive radiative cooling
remains widely unexplored. An exception is the work of Chang
et al., who used electrophoretically deposited CS to alternate the
emission properties of stainless steel.!'”! Also, the group around
Liu et al. used CS as a matrix material for lignin nanoparticles to
produce a photothermal film but focused on the UV-vis absorp-
tion properties within their study.!*®!

Our work demonstrates the capabilities of CS as passive cool-
ing material. To make it useable for passive cooling applications
under outdoor conditions, CS must be transformed into CT. CT is
the sturdy and water-insoluble form prevalent in nature, whereas
CS is necessary to allow for processing it from solution. We,
therefore, focus in this contribution on the processing and trans-
formation of CS into CT with a particular focus on its broadband
optical properties and passive cooling performance.

2. Results and Discussion

The CS films investigated in this work were cast from solutions
of CS powder in dilute acetic acid. After casting, an aqueous gel
film forms on the substrate, and compact CS films remain after
evaporation of the solvent. With this approach, a variety of film
thicknesses can be realized. The cast solution can be spread by
doctor blading to obtain thin films. Several layers of CS can be
stacked for thicker films by adding another layer of solution after
drying the previous layer. The overall thickness can be controlled
by the amount of solution and the concentration. However, the
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concentration regime that can be used is limited to low concen-
trations (<4 wt%) because the viscosity of the solution is strongly
increasing for higher concentrations. With the mentioned tech-
niques, film thicknesses ranging from 6 to >100 pm can be pre-
pared. With the spin coating technique, even thinner films can
also be realized.

2.1. Acetylation Reaction to CT

The advantage of water processability of CS becomes a drawback
when considering outside applications as passive cooling mate-
rial. Water or humidity exposure will lead to the destruction of the
material and its functionality. We performed a re-acetylation reac-
tion to counter this disadvantage and to render the material insol-
uble. We followed the procedure of Hirano et al.,l"”! in which the
reaction of a CS fiber with acetic anhydride (AcAH) in methanol
is performed. The proposed reaction can be done at room temper-
ature, and the material's structure is retained. A detailed descrip-
tion of our reaction conditions can be found in the Experimental
Section.

2.1.1. Degree of Acetylation

To characterize if the reaction was successful, we determined the
degree of acetylation (DA) via IR and NMR spectroscapic mea-
surements. The DA describes the relative amount of N-acetyl glu-
cosamine units within the polymer. CS mainly consists of glu-
cosamine units. Consequently, DA values are low. In contrast,
the polymer is named CT for DA values above 50%. The chemi-
cal structures of the predominant repeating units in each of the
two polymers are displayed in Figure 1a.

NMR and FTIR spectroscopy are complementary, non-
destructive methods to determine the DA. NMR spectroscopy is
an element-sensitive bulk method that enables quantitative char-
acterization. In contrast, FTIR spectroscopy is fast and requires
minimal sample preparation, but has limited sample penetra-
tion depth when the attenuated total reflection (ATR) technique
is used. Several procedures have been proposed to determine the
DA from IR spectra. However, the evaluation can lead to devia-
tions depending on the chosen probe and reference signals. An
overview can be found in the work of Duarte et al.,[?" in which
they compare the results of different evaluation procedures of IR
spectra to the DA values obtained with NMR spectroscopy. Never-
theless, ATR-FTIR spectroscopy is well suited to gain qualitative
insights into CT conversion.

Particularly the -NH vibrational mode and the amidic carbonyl
stretching vibration serves as an indicator of acetylation. Accord-
ing to the literature, the corresponding absorptions are found
at wavenumbers of 1561 and 1663 cm™', respectively.’’l Be-
fore functionalization, the- NH absorption was more pronounced
than the amidic carbonyl absorption in both the pristine CS pow-
der and film sample (Figure 1b). In contrast, similar intensities
are observed after the functionalization reaction with AcAH. The
absorption increase from the amidic carbonyl groups indicates
that CS was acetylated. Note that the actual peak positions (1549
and 1641 cm™) slightly deviate from literature values. This devi-
ation can result from different orientations or microstructure of

© 2023 The Authors. Advanced Science published by Wiley-VCH CmbH
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Figure 1. a) Chemical structure of chitosan (Poly-p-Glucosamine), chitin (N-Acetyl Poly-p-Glucosamine), and acetic acid. b) Normalized ATR-FTIR
spectra were collected from CS powder, a CS film, and after the conversion to CT. The vibrational resonances corresponding to —~NH at 1549 cm™! and
the amidic carbonyl resonance at 1641 cm™' are marked. A slight difference in the intensity ratio between the NH deformation and amidic carbonyl
stretching vibration for the chitosan powder and film indicates a different alignment and stronger involvement in hydrogen bonding for the chitosan
films. This is in agreement with the observed shift in the resonance frequency of the NH-deformation vibration. The relative increase of the amide
absorptions indicates a conversion from CS to CT. ¢) 'H'*C CP MAS NMR spectra of CS powder, CS films, and a film after the conversion reaction
with a color-coded signal assignment. The spectra are normalized to the backbone resonances (C1-Cé: 120-40 ppm) and shifted vertically for a better
overview. Upon treatment with AcAH, the DA increases. Exemplarily, the refinement of the CT film spectrum is shown (black). Intensities derived from
the refinements are given in Table S1, Supporting Information. d) Enlarged section of the 1*C CP MAS NMR spectra to show the different CH4 resonances

of CT and acetic acid. The spectra are normalized to the CH; resonances (28-18 ppm) and shifted horizontally for a better overview.

our actual polymer. The collected spectra for the full wavenumber
range are shown in Figure S1, Supporting Information. Theoret-
ically, the hydroxyl groups within the polymer could also react
with AcAH. However, the carbonyl vibration of the resulting es-
ters would be expected at wavenumbers >1700 cm™!, where no
new signals arise.

To confirm our qualitative observations from FTIR spec-
troscopy and extend these to a quantitative level, we performed
solid-state NMR spectroscopy. While IR gpectra of the film sam-
ples prepared on glass substrates could be measured directly,
the films needed to be detached from the substrate, cryomilled,
and packed into magic-angle spinning (MAS) rotors prior to
NMR spectroscopic measurements. The resulting *C CP MAS
NMR spectra of pristine CS powder and a CS film before and
after the acetylation reaction are displayed in Figure 1c,d. The
signals corresponding to the glucosamine backbone (C1-C6) of
the polymer are located between 110 and 50 ppm. Chemical
shifts and signal shapes vary with local molecular conforma-
tions and, consequently with the degree of crystallinity and the
present polymorphs. Generally, the crystallinity increases with
the DA.I?!] Additional to the backbone signals, peaks at 174 ppm
and 23 ppm are present in all spectra. These signals correspond
to the carbonyl carbon and methyl carbon in the N-acetyl group,
respectively. A significant increase in their intensity upon acety-
lation ig observed, confirming the qualitative IR spectroscopic
results. Small amounts of residual acetic acid (180 ppm for
the carboxyl function and 25 ppm for the methyl group) were
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observed in the CS film sample prior to functionalization. The
films are prepared by dissolving the pristine CS powder in
dilute acetic acid, followed by drying on glass substrates and
removal of residual acetic acid via treatment with NaOH in
methanol (see Experimental Section). The *C CP MAS NMR
spectra show that the removal of acetic acid was incomplete.
However, those additional signals vanish after the acetylation
reaction, indicating that no acetic acid remains within the final
film.

To quantify the DA of our product, CP NMR spectra were mea-
sured with a set of optimized parameters as previously deter-
mined in detailed relaxation and CP kinetics studies by Duarte
et al.l??l (see Experimental Section). They ensure similar intensi-
ties for the resonances of primary, secondary, and tertiary carbon
units, thus aveiding the drawback of a CP pulse sequence not nec-
essarily leading to quantitative results.?’! Still, the resonance in-
tensities of carbon units without covalently attached protons will
be underestimated as the magnetization transfer from 'H to *C
in a CP sequence is achieved via heteronuclear dipolar interac-
tions and consequently depends on the proximity of protons./*]
Thus, the DA needs to be determined as the ratio of the methyl
signal of acetic acid to the six backbone carbon atoms. After de-
convolution of the spectra with pseudo-Voigt profiles (Figure 1d
and Table S1, Supporting Information), we calculated DA values.
Itis important to consider the residual acetic acid to prevent over-
estimation of the DA. For the pristine CS powder and the unre-
acted film, we determined low DA values of 12% and 10%. After

2206616 (3 Ofg) © 2023 The Authors. Advanced Science published by Wiley-VCH CmbH
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Figure 2. a) Mass change of CS and CT films after consecutive water immersion for 90 min and after complete drying. b) The water contact angle of
CS and CT film was determined in a sessile drop experiment. The presented values are mean + SD. ¢) Photographs of CS and CT films before and at

different times after water droplet exposure. The scale baris 2 cm.

the reaction, a DA value of 90% confirms successful acetylation
and conversion of the film to CT.

2.1.2. Water Resistance and Contact Angle

The main goal of the acetylation reaction was to increase the wa-
ter resistance of the films. We prepared a set of CS and CT sam-
ples on glass substrates to compare the dissolution behavior. The
weight of the sample m_, (sample + substrate) was monitored
after a certain immersion time in the water for each sample, and
the mass difference to the substrate (m,, ) was calculated. The
results of this test are shown in Figure 2a. The mass difference
is strongly increasing for the CS film within the first 20 min of
immersion. During the experiment, a strong swelling of the film
can be observed, and we attribute the increase in mass to this
swelling. Also, a mass increase can be observed for the CT film,
but this increase is much less pronounced. For longer immer-
sion times, the mass of the CS film starts to decrease, indicating
dissolution or detachment of the film. After 90 min of the ex-
periment, only a minor fraction is left. The last data points in
Figure 2a were recorded after drying the samples overnight. The
experiment reveals that the CT film is completely recovered, and
the initial mass is restored (dashed line), while the CS film was
completely removed during the experiment.

The significant differences between CS and CT are further
highlighted by water contact angle measurements in a sessile
drop experiment (Figure 2b). The contact angle of water strongly
decreases upon transformation to CT and presents a more hy-
drophilic surface despite its increased water resilience. We no-
ticed after the experiment that the sample surface of the pristine
CS film could not be recovered due to the partial dissolution of
the film. Figure 2¢ shows a time series of photographs showing
the samples before and after water droplet exposure. In contrast,
the acetylated film can fully recover to its original state.

2.2. Optical Characterization

To test the cooling potential of our films, we chose a reflective
silver mirror as an underlying substrate to ensure high solar
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reflectivity. The material's absorption (and consequently emis-
sion) properties strongly depend on the thickness of the film.
For comparison, we prepared samples with different thicknesses
and measured the broadband optical properties between 0.25 and
18.2 um (Figure 3a). This wavelength range covers the entire so-
lar and the mid-IR range. The absorptance was calculated from
integrated reflectance measurements considering energy conser-
vation with 1 — reflectance. Transmittance can be neglected due
to the underlying silver mirror substrate. As a reference, we plot-
ted the absorptance of the plain mirror substrate (black line).

For comparison, an AM 1.5 solar emission spectra and the
atmospheric transmittance regions are displayed in the back-
ground. Increasing film thickness from 0.76 to 34.6 um has only
minor effects within the solar spectral region. The strong absorp-
tion toward UV wavelengths is a combination of absorption of the
underlying Ag substrate and CS itself since the absorptance in-
creases with material thickness, but it is also present for the plain
Ag substrate. Toward the NIR regime, more pronounced solar ab-
sorption occurs for the thicker sample. We calculated the overall
solar absorption based on the collected spectra and the displayed
AM 1.5 solar spectrum (details in experimental). We found solar
absorption of 3.1% and 6.6% for the thin and thick samples, re-
spectively. Based on the low solar absorption, both samples are
capable of exhibiting below ambient radiative daytime cooling.

In the IR region, distinct peaks are visible for the thin sample,
which are only partially located within regions of atmospheric
transparency. With increasing thickness, the absorptance is more
comparable to a broadband emitter. We expect a cooling power
characteristic between the selective and broadband cases for thin
samples.** Besides the absorptance in the UV region, the silver
mirror substrate also shows minor absorptance in the mid-IR re-
gion. Those can be attributed to the presence of a glassy protec-
tion layer on the mirror surface.

To further elucidate the cooling characteristics of the two sam-
ples, we calculated the theoretical temperature reduction based
on the measured absorptance (Figure 3b). Details about the cal-
culations can be found in the Experimental Section. In short, we
considered an AM 1.5 solar spectrum with irradiation of 1000 W
m~2, the atmospheric transmission spectrum modeled with Mod-
tran, an ambient temperature of 25 °C, and a non-radiative heat

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Absorptance of a) chitosan films (CS) and c) chitin films (CT) with different thicknesses on silver mirror substrates. As a reference, the
absorptance of the plain silver mirror is shown. For comparison, the atmospheric transmittance (blue) and an AM 1.5 solar spectrum (yellow) are shown
in the background. Calculated cooling power as a function of temperature below ambient for b) CS films and d) CT films with different thicknesses for
daytime (dashed lines) and nighttime (solid lines). The intersection at zero cooling power represents the equilibrium temperature below ambient that

can be reached.

transfer coefficient of h = 4.4, Wm~? K~'. For the daytime case
(dashed lines), we found that both samples should reach almost
comparable temperatures. In contrast, for the nighttime case
(solid lines), the thicker sample should reach lower equilibrium
temperatures (temperature at P= 0 Wm ™). Our calculations fur-
ther reveal that the silver substrate is expected to heat above am-
bient temperature during the daytime. However, in combination
with the CS films, both samples reach below ambient tempera-
tures in the calculations.

We also prepared a set of CT films and measured the absorp-
tance. Unfortunately, the direct preparation and reaction on the
mirror substrates were unsuccessful since the films deformed
and detached during the reaction. We, therefore, prepared the
films on separate glass plate substrates, performed the reaction,
and attached the CT films afterward to the mirror substrates.
Note that we did not succeed in the preparation of very thin
(<5 pm) CT films of sufficient macroscopic size because they rup-
tured during the transfer process. The absorptance spectra of the
CT films (Figure 3c) are comparable to the previously discussed
CS spectra. Especially the two films with ~35 pm thickness show
a similar low solar absorptance with 6.6% for CS and 6.9% for
CT, respectively. A direct comparison of spectra collected from
the films without the silver substrate is shown in Figure S2, Sup-
porting Information.

We also calculated the expected cooling performance for CT
films (Figure 3d) and found that during nighttime operation,
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thicker CT films reach similar below ambient temperatures as
found for CS. All CT samples are expected to reach similar below
ambient temperatures during the daytime.

2.3. Passive Cooling Properties

To confirm the calculated cooling performance, we conducted a
rooftop experiment with the CS samples on mirror substrates
and measured the temperature over a full day and night cy-
cle (from 09:30, 9th to 08:00, 10th of July 2022, University of
Bayreuth, Bayreuth, Germany). The setup is shown in Figure 4a
and Figure S3, Supporting Information. We used polystyrene
foam insulation to reduce conductive losses to the surrounding
air and an LDPE cover foil to reduce convective losses, respec-
tively. The entire setup was covered with Al foil to reflect solar ra-
diation. The sample (Ag mirror with coated CS layer, Figure 4b)
was placed on a thin copper plate inside the Styrofoam chamber,
ensuring a good temperature distribution, which wag monitored
with a thermocouple directly at the underside of the copper plate.

The resulting temperature measurements (Figure 4c) confirm
a below-ambient temperature for both samples for the nighttime
and daytime cases. The ambient temperature is measured in a
reference box without convective losses and without any other
optical components other than the styrofoam container and
the LDPE cover. Comparable to the silver mirror reference, we

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. a) Scheme of the measurement environment of the ambient reference and the passive cooling sample temperature. The sample (dark green
line) is a layered construction with CS being directly deposited on a quartz glass substrate coated with a silver layer shown in b). The sample is placed
on a copper plate (orange line) to ensure an even temperature distribution. The temperature measurement of the sample is conducted at the underside
of the copper plate. ¢) Temperature measurement for CS samples of different thicknesses on mirror substrates over a day and night cycle. A plain mirror
substrate, the ambient temperature, and the open air temperature are shown as references. The solar irradiance during the measurement is displayed in
the background. d) Temperature difference of the CS samples compared to the plain silver mirror over the entire measurement period. In the background,
the absolute humidity (blue) during the measurement is shown, confirming constant atmospheric conditions.

observe a temperature increase during the daytime of about 8 °C
relative to the open-air temperature. We attribute this to parasitic
solar absorption by the sample holder and a resulting greenhouse
effect within the measurement and reference chamber.!”*! The
Ag mirror absorption in the UV range (Figure 3a,c) apparently
has a minor effect on the temperature in the sample chamber
since the ambient and Ag mirror reference temperature coincide.
Considering the CS coated samples, we observe that the thicker
(more broadband emitter) sample reaches lower overall temper-
atures, indicating that the additional cooling power gained with
increasing thickness is overweighing the solar absorption (as
discussed in Section 2.3). This trend is in line with the expec-
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tation based on the calculation in Figure 3b. We attribute the
quantitative difference between the calculation and experiment
to the actual setup’s unknown non-radiative heat loss coefficient
and the additional heat input caused by the aforementioned
greenhouse effect within the measurement box. Additionally, we
calculated the experimental temperature difference between the
samples and the silver mirror reference (Figure 4d) to highlight
the contribution of the CS layers. Both samples are colder than
the mirror, and the thicker sample reaches up to 3.5 °C lower
temperatures. We calculated the absolute humidity from relative
humidity measurements, which remained almost constant for
the entire measurement duration. The higher variability of the
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temperature reduction relative to the silver mirror reference
during daytime is, consequently, caused by subtle changes to the
solar radiance influx on the cooling films.

Based on the optical similarity between CS and CT film (see
Figure 3a,c) one can expect a comparable cooling performance
in the case of CT films. However, the direct measurement of the
temperature reduction is affected by the increased brittleness and
detachment of the CT film, which renders accurate temperature
measurements difficult in this case.

3. Conclusion

In conclusion, we outlined the potential of CS and CT as biocom-
patible polymers for passive cooling applications. Therefore, we
presented how CS films of different thicknesses can be produced
from a slightly acidic aqueous solution. We demonstrated that
the films can be converted to CT within the solid state. We con-
firmed the selective N-Acetylation of CS with solid-state *C CP
MAS NMR spectroscopy and FTIR-spectroscopy and determined
the degree of acetylation. Our presented approach can evaluate
the DA even when residual free acetic acid remains in the sam-
ple. We further show that the conversion to CT strongly enhances
the film’s water resistance, a property especially important for
outdoor applications as passive cooling material. To evaluate the
passive cooling potential, we used silver mirror substrates as re-
flectors and measured the absorption properties of the films with
UV-vis and FTIR-spectroscopy. CS and CT have very similar op-
tical properties and excel with low solar absorptance in combina-
tion with good TR-emission. Based on the optical properties, we
calculated the potential cooling power and found that both ma-
terials can show below ambient radiative daytime cooling with-
out adding fillers. We demonstrate the cooling potential of CS
in a field test and measure reduced temperatures compared to
the plain silver mirror for day and nighttime. We believe that
these natural polymers expand the toolbox of available materials
to realize passive cooling systems. Especially factors like abun-
dance, water processability, biocompatibility, and biodegradabil-
ity are clear advantages, and we encourage other researchers to
utilize those.

4. Experimental Section

Materials:  CS (medium molecular weight, Aldrich), acetic anhydride
(>99% for synthesis, Carl Roth chemicals), glacial acetic acid (Merck), and
sodium hydroxide (Sigma Aldrich) were used without further purification.
Methanol (VWR chemicals) was dried over a molecular sieve with a pore
diameter of 3 A before use. Protected round silver mirrors (2" @, Thorlabs)

Preparation of Films: Films with different thicknesses were produced
by drying a certain amount of solution on a glass or silver mirror substrate
in air. For the formation of thick films, 3-6 g of a 3 wt% solution of CS
in diluted acetic acid (1v%) were poured on the substrate and left to dry.
For thin films, the solution was spread by doctor blading with a slit size of
400 pm. To access intermediate thicknesses, the doctor blading process
was repeated upon drying of a previous layer. A 0.79 um CS film was pro-
duced by spin coating of a 3 wt% solution on the silver mirror substrate
at 3000 rpm for 90 s and left to dry in air.

Acetylationto CT:  An acetylation reaction was performed with a proce-
dure described by Hirano et al.[®] to increase the degree of N-acetylation.
Before the reaction, the CS films were washed with 0.5 m NaOH dissolved
in methanol to remove acetic acid, followed by pure methanol to remove
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the excess base. The film was immersed in methanol, and acetic acid
anhydride was added (5 mol/mol Glucosamine) and stirred overnight.
The films were washed with 0.5 m NaOH solution in methanol and pure
methanol and then dried with compressed air. The resulting films were
stored in a desiccator over saturated NaCl solution in water for at least 1h,
with the aim to reduce mechanical stress within the film. The so-produced
film was transferred to a silver mirror substrate (protected round silver
mirror, Thorlabs) for the cooling experiments.

Optical Characterization: UV-vis spectroscopy was performed with a
Cary 5000 spectrometer (Agilent Technologies, Germany) for the wave-
length range from 250-2500 nm. The total reflectance was measured with
an integrating sphere accessory (Labspheres) at the respective port of
the sphere. As a reference, a Spectralon white standard (Labspheres) was
used. The absorptance of the samples was calculated considering energy
conservation with 1 — reflectance. Transmittance can be neglected because
the silver mirror prevents any light transmission. The relative solar absorp-
tance was calculated by multiplication of the measured absorptance A (4)
with the solar radiance of the AM 1.5 spectrum Iy, s (4) and divided by

the total radiance A ams ()
lam1.s(4)

FTIR spectroscopy was performed with a Vertex 70 spectrometer
(Bruker) combined with a gold-coated integrating sphere accessory (A562,
Bruker). The reflectance was measured in the wavelength range from 1.33—
18.3 um at the respective port of the sphere. As a reference, a gold mirror
was used. The absorptance was calculated with 1 — reflectance, neglecting
transmission due to the silver mirror below the samples.

Degree of Acetylation:  The acetylation reaction was confirmed by ATR-
FTIR spectroscopy using a Platinum ATR diamond accessory (A225/Q,
Bruker) in combination with a Vertex 70 IR spectrometer (Bruker).

Solid State NMR Spectroscopy: The degree of acetylation of the CS
samples was monitored via '*C CP MAS NMR spectroscopy. The film sam-
ples were ground with the CryoMill SPEX CertiPrep 6750 (C3 Prozess-
und Analysentechnik) and packed into 3.2 mm zirconium rotors. The
spectra were recorded using a Bruker Avance-l1ll HD spectrometer op-
erating at a By field of 9.4 T (vo('H) = 400.01 MHz and vo("*C) =
100.62 MHz), a 3.2 mm triple resonance probe (Bruker) and a spinning
speed of 13.75 kHz. The used pulse sequence consisted of presaturation
pulses, a proton 90° pulse (v, ('H) = 100 kHz), and a ramped "H-1*C
CP sequence (v, ("*C) = 41 kHz and 47 kHz < (v, ('H) < 67 kHz)
with a contact time of 1.0 ms. This contact time was chosen for semi-
quantitative measurements according to Duarte et al.l?2] During acquisi-
tion, proton broadband decoupling with a spinal-64 sequence (v,,('H)
= 70 kHz) was applied. The spectra were referenced to tetramethylsilane
(TMS) using the secondary standard adamantane. The signal assignment
was performed according to the literaturel?226] and was aided by 1*C NMR
prediction packages included in ChemSketch (ACD/Labs). To deconvolute
the spectra with pseudo-Voigt profiles, the simulation package SOLA, in-
cluded in TopSpin 3.2 (Bruker), was used. After deconvolution (Table 51,
Supporting Information), the DA was given by the ratio of methyl carbons
(CH,) to CS repeating units. One CS repeating unit consisted of 6 carbons,
thus the DA was calculated as follows.

n(CH;) x 6 ]
" n (backbone) )

Water Contact Angle: The water contact angle was measured with a
Contact Angle System OCA (DataPhysics Instruments GmbH) in sitting
drop geometry. A 10 uL droplet was placed on the solid/air interface, and
a picture was collected from side view with a camera. The contact angle
was determined graphically at the three interface (solid/liquid/gas) con-
tact points.

Calculation of Passive Cooling Performance: The calculated cooling
power was based on the measured optical properties. Following the ap-
proach presented previously,!?’ an AM1.5 solar spectrum and an atmo-
spheric transmittance spectrum generated for the measurement location
(Bayreuth) using Modtran were employed. The non-radiative heat trans-
fer coefficient was assumed to be 4.4 W m™=2 K~', while the atmospheric
temperature was taken as 298.15 K. The angle-dependent emissivity is,
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furthermore, considered to be Lambertian diffuse. All integrations were
done using the trapezoidal integration method in Matlab. As functions
inside the integrals need to have the same energy spacing to perform nu-
merical integration, the sun’s and atmosphere’s spectral radiative powers
were adapted to the spacing of the measured emissivity because they were
available in higher resolution. This adaptation was made using the 1D data
interpolation method in Matlab.

Outdoor Passive Cooling:  The rooftop experiments were conducted in a
self-built measurement setup on the roof of a four-floor building at the uni-
versity of Bayreuth (Cermany) under a clear sky. The samples and mirror
reference were placed in a 3D printed sample holder (acrylonitrile butadi-
ene styrene) on top of a copper plate for temperature distribution. A Pt100
thermocouple below the copper plate was used for temperature recording
with a digital multimeter (DAQ6510, Tektronix, Germany) every 5 s. The
sample holder was placed in a Styrofoam box for thermal insulation to
the surroundings, and an LDPE foil was used to cover the sample and
reduce convection. The entire Styrofoam box was covered with mylar alu-
minum foil to ensure high solar reflectance. The ambient temperature was
recorded by a Pt100 thermocouple enclosed in a similar Styrofoam box
with LDPE foil covered on top and bottom to allow sunlight transmission
but include the parasitic heating within the box in the ambient reference
measurement. The weather data were obtained from the weather station
at the University of Bayreuth (Ecological-Botanical Garden, 400 m away
from the experiment).

The relative humidity RH was tracked next to the setup with a temper-
ature logger (LOG220, DOSTMANN electronic GmbH). The absolute hu-

midity AH was calculated with RH in % and the ambient temperature T, .,

17.67-T,p

in °C with AH = &1 T;"zh.:?fr:niH-lmM'

Statistical Analysis:  The FTIR spectra shown in Figure 1b were normal-
ized to the most intense peak at ~1000 cm ™! for each spectrum, respec-
tively. The full normalized spectra are shown in Figure S1, Supporting In-
formation. The water contact angle presented in Figure 2b was determined
by three separate measurements on the same substrate, and the presented
value was mean + SD. The spectra shown in Figure 3a,c were calculated
by 1 — reflectance, without further statistical analysis. Figures 2a and 4c
are raw data.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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text), respectively. The Styrofoam box is covered with Al foil to reflect sunlight and enclosed

by PE foil to prevent convective losses. A copper plate visible in (a) is used to ensure good

temperature distribution. The scale bar is 5 cm.

Table S1. Relative intensities / of the deconvoluted signals in the *C CP NMR spectra of

chitosan powder, chitosan film, and chitin film samples. The sum of relative intensities of

backbone carbons was normalized to six. Refinements were carried out with pseudo-Voigt

lineshapes (Eq. 1) where dis, is the isotropic chemical shift, LB the line broadening, x the

Gauss/Lorentz ratio, and / the relative intensity.

2LB

Jamn@ e_411;(22)(5_5iso)2]

f)=1-[1—x Eq. 1
(6) [C ) 410(8—8js0) 2+ LB2 Vm LB (Eq. 1)
Acetyl group chitin Chitosan and chitin backbone Acetic acid
Assignment
C=0 CHs C1 C2 C3+C4+C5 Cé C=0 CH;
Shift 174 ppm 23 ppm 105 ppm 57 ppm 71;83and 75ppm 61 ppm | 180 ppm 25 ppm
Chitosan powder 0.046 0.119 1.056 0.939 3.014 0.991 / /
Chitosan film 0.063 0.105 0.985 0.97 3.192 0.853 0.083 0.273
Chitin film 0.508 0.912 0.982 0.718 3.078 1.221 / /
3
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8.A tailored indoor setup for reproducible passive

daytime cooling characterization

1 (e

Standardized test methods are urgently required to characterize the performance of passive
daytime cooling materials in a reliable and reproducible way worldwide. Song et al. introduce
a robust test setup that unites cool space, solar radiance and ambient environmental
conditions in a compact indoor test setup with superior characterization performance.
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A tailored indoor setup for reproducible
passive daytime cooling characterization

Qimeng Song,'* Thomas Tran,’-* Kai Herrmann,' Tobias Lauster,’ Maximilian Breitenbach,’
and Markus Retsch’-#4*

SUMMARY

Passive daytime cooling materials can lower global energy consump-
tion owing to their autonomous cooling capability. Although a signif-
icant number of passive cooling materials have been developed
recently, their performance characterization is still challenging. Field
tests experience high variability due to uncontrollable changes
in environmental conditions. Here, we design an indoor setup to
characterize the performance of passive cooling materials reproduc-
ibly and independently of weather and season. Outdoor measure-
ment conditions are approximated using a liquid-nitrogen-cooled
aluminum dome, a solar simulator, and a wavelength-selective in-
verse sky-window filter. In contrast to outdoor measurements, the
results of various reference materials show remarkable precision
and repeatability. Additionally, the impact of solar light intensity
and temperature on the passive cooling performance can be exper-
imentally investigated. Our setup is a first step in the development of
a standardized test method to bring accuracy, reproducibility, and
comparability to the emerging field of passive cooling materials.

INTRODUCTION

Passive daytime cooling has emerged as a strong candidate to alleviate the global en-
ergy demand for cooling.'”” It conveys heat from a material to outer space through the
atmospheric window (8-13 pm) without external energy consumption. For an ideal day-
time passive cooling performance, low absorption in the solar range (0.3-2.5 um) and
high emission over the mid-infrared (MIR) region is stringently required. In the last
few years, advanced fabrication techniques have led to various novel materials,
including photonically structured materials,” * hybrid composites,” " highly porous
materials,"”""* and hierarchically structured materials.''’ These classes of materials
promote the development of devices for daytime passive cooling applications.

Two essential techniques are usually used to evaluate a material’s passive cooling
performance: optical spectroscopy and field testing.”'® The former determines

the spectral absorption of a material in both the solar and MIR regions. Utilizing a 1Department of Chemistry, Physical Chemistry |,
theoretical model based on energy balance considerations, the net passive cooling University of Bayreuth, 95447 Bayreuth, Germany
power of a material can be calculated. Li et al. introduced a simple figure of merit to “Bavarian Polymer Institute, Bayreuth Center for
fairl th f f distinct i terials b d thei tical Colloids and Interfaces, and Bavarian Center for
airly assess the performance of distinct cooling materials based on their optica Battery Technology (BayBatt), University of Bayr-
properties.'” However, the comprehensive optical properties, including angle and  euth, 95447 Bayreuth, Germany

temperature dependence, of a material, are rather hard to access, especially for 3These authors contributed equally

complex materials, e.g., multilayer composites, self-adaptive metamaterials,”*' “Lead contact
and materials with irregular surface topography, making it difficult to achieve a pre- *Correspondence: retsch@uni-bayreuth.de
cise comparison. https://doi.org/10.1016/].xcrp.2022.100986
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During field testing, the steady-state temperature of a sample and its cooling power
atambient temperature are obtained. However, outdoor measurements are impres-
sionable and uncontrollable, and the outcome strongly depends on measurement
conditions,”**” e.g., geographical location, solar intensity, ambient temperature,
humidity, wind speed, and air pressure. The uncontrollable and unsteady atmo-
spheric conditions limit the comprehensive characterization of passive cooling ma-
terials firstly, and replication of the measurement results secondly. Due to this chal-
lenge, different materials cannot be compared reasonably. Therefore, a comparable
and standardized test method is urgently required to push the development of pas-
sive daytime cooling materials forward. In contrast to outdoor environments, an in-
door setup is independent of weather conditions and provides a stable and control-
lable environment for passive cooling characterization. A simple indoor setup for
passive cooling characterization was reported by Zhou et al.” By using liquid-nitro-
gen-cooled black aluminum foil as a heat sink, the nighttime passive cocling
behavior of a PDMS film was imitated. However, their indoor setup did not include
a light source. The characterization was thus limited to nighttime conditions. A
similar setup was also constructed by Park et al. in a glovebox.”® With applying a so-
lar simulator, the characterization can be performed in the presence of solar light.
Very recently, a hybrid refrigerative thermoelectric cooling system was built by
Wong et al. to simulate the radiative cooling effect artificially under controlled con-
ditions.”® Their sophisticated setup achieved a reasonable accuracy (deviation of
17%-33%). Still, a repeatable and comprehensive characterization method for pas-
sive daytime cooling materials remains an enormous challenge.

In this work, we present a tailored indoor setup for comprehensively characterizing
the performance of daytime passive cooling materials. The setup allows measure-
ments with and without illumination of the sample, analogous to daytime and
nighttime field testing, respectively. It consists of a liquid-nitrogen-cooled, hemi-
spherical aluminum (Al) dome as a heat sink and an air mass (AM) 1.5 solar simu-
lator as a light source. To the best of our knowledge, our method is the first indoor
setup for the experimental characterization of passive cooling materials in both
nighttime and daytime, with outstanding repeatability showcased for three distinct
materials, namely, a silver (Ag) mirror, a polydimethylsiloxane (PDMS) film, and a
graphite coating. Furthermore, our setup can experimentally determine the impact
of environmental changes, such as the ambient temperature or solar irradiation in-
tensity, on the material's cooling performance. Such a parametric investigation is
unfeasible with field tests due to uncontrollable environmental conditions. Lastly,
our indoor setup is robust and simple to build, opening a promising pathway to
guantitatively compare passive cooling materials designed in different research
groups.

RESULTS AND DISCUSSION

Indoor setup design

The most important aspects of passive cooling field testing that a feasible indoor
setup must capture are (1) radiative heat transfer from the sample to outer space;
(2) illumination of the sample by the sun; and (3) measurement at moderate temper-
atures. The realization of these key measurement aspects can each be attributed to
distinct parts of the proposed setup.

Radiative heat transfer

The samples emit hemispherically to outer space, which acts as a heat sink, with a
temperature of ~ 3 K. To imitate this behavior, we utilize a hemispherical Al dome
with a diameter of 60 cm. The high thermal diffusivity of Al ensures a homogeneous

2 Cell Reports Physical Science 3, 100986, August 17, 2022
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Figure 1. Indoor setup design and repeatability

Measurement Number

(A and B) Schematic of the indoor setup for characterizing passive daytime cooling. A liquid-nitrogen-cooled aluminum dome imitates outer space,
while a solar simulator illuminates the sample. A convection shield in combination with XPS minimizes non-radiative heat transfer between the dome
and sample. Detailed schematic of the sample holder (B). A warm gas flow between the convection shield and the sample holder allows controlling the

temperature inside the measurement cell.

(C and D) The steady-state temperature of an Ag mirror measured (C) w/o and (D) w/ solar light. Results show outstanding precision that cannot be

achieved with outdoor measurements.

temperature distribution across the entire surface. The inner surface of the dome was
coated with graphite to enhance its broadband absorption, thus resembling space
as a heat sink for radiative heat transport. A polyethylene (PE) container is imposed
on the hemisphere, creating a reservoir around the Al dome. Liquid nitrogen is filled
inside this reservoir and cools the dome down to ~ 80 K. The entire setup is thermally
insulated using extruded polystyrene foam (XPS, Styrodur, BASF) with a thickness of
8 cm to prevent cold loss. A schematic of the indoor setup is shown in Figure 1.
Detailed dimensions and a photograph are in Figure S1. During the measurement,
a small steady influx of liquid nitrogen compensates for all remaining heat losses
to the environment. The sample is placed in a homemade measurement cell con-
structed by XPS under the center of the dome. Low-density polyethylene (LDPE) foils
were applied above the sample to prevent convection.

Solar illumination

The average solar irradiation is generally presented by the AM 1.5 spectrum with a
power of ~1000 W m ~?, which is well established in the characterization of photo-
voltaic devices.'” In the laboratory environment, a solar simulator was placed
directly on the top of the dome to provide AM 1.5 solar light with an illumination
area of 5 x 5 cm?. The hole in the dome accounts for 0.8% of the total area seen
by the sample and is thus negligible. The similarity between the light of the solar
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simulator and the sun is shown in Figure S2. The light hits the sample at an angle of 8

to prevent back reflection into the solar simulator.

Sample temperature

The most challenging part of the indoor setup is to keep the sample at moderate
temperatures while cooling the dome down to liquid nitrogen temperatures. The
significant temperature difference across the short distance between the cooled
dome and the sample holder naturally leads not only to the desired radiative heat
transfer but also to undesired convection and conduction. Conduction is minimized
by employing XPS insulation in combination with air gaps between the sample and
the dome. Several LDPE foils (thickness ~ 15 um), possessing a high solar and IR
transparency, act as a convection barrier between the sample and the cold air inside
the dome. These PE layers reduce the solar radiation intensity in the sample by 25%,
due to absorption, reflection, and scattering. Furthermore, the reduction of the
transmittance is angle-dependent (Figure S3). Previous reports showed that angles
<60° have a dominant contribution to the emission of passive cooling mate-
rials.*?"*® Therefore, the convection shield made from XPS and LDPE has a cone-
shaped inner part, with a zenith angle of 60° to reduce the thermal loss (conduction
and convection) area while marginally blocking the pathway of thermal radiation
from the sample. Conductive heat transport from each gas compartment to the
next would eventually cool the air below the convection shield. A heated flow of
dry air offsets this effect. The constant airflow and the stable laboratory environment
(Figure 54) ensure highly stable and reproducible experiments. Moreover, control-
ling the temperature by tuning the airflow temperature allows for experimentally
setting the ambient temperature and elaborating the temperature-dependent per-
formance of passive cooling materials.

Performance assessment

We investigated the repeatability of the indoor setup without (w/0) and with (w/) so-
lar light. Multiple measurements of the steady-state temperature of an Ag mirror on
different days are shown in Figures 1C and 1D. An SD of + 0.24 Kand + 0.26 K was
obtained from nine measurements over three consecutive days w/o and w/ light,
respectively. This minor deviation shows that our indoor setup possesses
outstanding repeatability in both nighttime and daytime-like measurements.
When shining solar light with one sun power on the Ag mirror, the temperature
increased by about 6 K. Since a LDPE foil is applied to the measurement cell to pre-
vent convection, we thus attribute the temperature increase to the greenhouse ef-
fect caused by the parasitic solar light absorption of the Ag mirror and sample hold-
er. This phenomenon has also been observed in outdoor measurements.””*"

For outdoor measurements, an intuitive definition of the ambient temperature is the
air temperature, which can be measured simultaneously with the sample tempera-
ture. For indoor measurements, however, the environment temperature results
from the interplay between the cold dome and the warm gas flow. The large temper-
ature gradient between the sample holder and the dome surface prevents a mean-
ingful ambient temperature measurement in the vicinity of the actual sample. There-
fore, an alternative way to define the ambient temperature is needed. Ag possesses
a low emissivity in both the solar and IR region and, therefore, closely resembles the
ambient temperature inside of the measurement cell without any major radiative
heat losses or gains. We confirm this assumption by comparing the Ag mirror tem-
perature with the ambient temperature in a field test (Figures 2A and 2B), where
both temperatures almost overlap. The ambient temperature for the indoor setup
is thus defined as the temperature obtained with an Ag mirror.
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Figure 2. Performance assessment

(A and B) Outdoor rooftop measurement for the reference materials at (A) nighttime and (B) daytime. The measurement was carried out under a clear

sky, on June 17-18, 2021 in Bayreuth, Germany.

(C-E) Indoor measurements of the (C) Ag mirror, (D) PDMS film, and (E) graphite coating. The turn-on point of the solar simulator was defined as 0 min.
The dashed lines indicate the respective ambient temperatures for measurements w/o and w/ light. (F and G) The steady-state temperature of the

reference materials in the (F) outdoor and (G) indoor measurements, respectively

To verify the reliability of the indoor setup, we analyzed three reference materials: an
Ag mirror, a PDMS film on an Ag mirror, and a graphite-coated silicon wafer. The
chosen materials possess very different optical properties. Ag has a very low emis-
sivity in both the visible and MIR regions, as outlined above. Furthermore, it has
been widely applied to the backside of daytime passive cooling devices to minimize
solar absorption.””' PDMS is a good passive cooling material due to its inherent se-
lective emissivity in the MIR region. By combining the PDMS film and an Ag mirror, a
practical daytime passive cooler is easily constructed.”’** As the last sample, we use
a graphite coating exhibiting broadband absorption in the solar and MIR regions.
The spectral emissivity of all reference materials is shown in Figure S5.

Measurements of the reference materials were carried out w/o and w/ light irradia-
tion (Figures 2C-2E). For measurements w/o light, a steady-state temperature of
17.2°C, 7.5°C, and 7.4°C was observed for the Ag mirror, the PDMS film, and the
graphite coating, respectively. The PDMS film and graphite coating show a
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steady-state temperature ~10 Klower than the Ag mirror. This is caused by the emis-
sivity dependence of the radiative heat transfer. In contrast to the PDMS film and
graphite coating, the Ag mirror shows negligible emissivity in the MIR region.

Subsequently, the solar simulator was used to simulate daytime measurements. Af-
ter the reference materials reached a steady-state temperature in the dark, the solar
simulator with one sun power was switched on. The temperature of all reference
samples increased, and a new steady-state temperature was reached within 1 h.
Compared with the Ag mirror (+6.3 K) and the PDMS film (+2.6 K), the temperature
increase of the graphite coating was substantial (+18.8 K). The temperature increase
of the Ag mirror can be explained by the absorption of the sample holder and the
greenhouse effect. The different light response of the reference materials occurs
because graphite has a significantly higher absorption in the solar regime. In addi-
tion, more than a 10 K difference in the steady-state temperature was observed be-
tween the Ag mirror and the PDMS film. The much lower final temperature of PDMS
film demonstrates the good passive daytime cooling performance of the PDMS film
agreeing with field testing in the literature.?*??

To compare the results of the indoor experiment with the conventionally used field
testing, outdoor measurements of the reference materials (Figures 2A and 2B) were
conducted in both nighttime (23:00-05:00) and daytime (11:00-15:30). The setup for
the outdoor measurements is shown in Figure S6. The PDMS film and graphite
coating show similar steady-state temperatures at nighttime, ~2.5 K lower than
the Ag mirror (Figure 2F). During the daytime, the Ag back mirror of the PDMS sam-
ple reflected most solar irradiation, while the PDMS transferred heat to outer space
via IR radiation. Therefore, the PDMS film keeps its sub-ambient temperature even
with an average solar intensity of around 850 W m ™2 In contrast, the graphite
coating absorbed considerable solar energy and warmed up to ~60°C.

Indoor measurements were performed with the respective ambient outdoor temper-
atures, 17°C and 40°C (Figure 2G). We observe that the absolute values of steady-
state temperature for the reference materials obtained from indoor and outdoor
measurements do not agree with each other. A daytime sub-ambient cooling by
6.2 K was observed from an outdoor measurement of a PDMS film, while 12.1 K
was obtained from the indoor setup. We attribute this difference to two main contri-
butions. First, the black-coated Al dome represents a broadband black body. More
radiative heat can be transferred to it compared with the higher selectivity of the at-
mospheric window in outdoor measurements. Hence, the sub-ambient cooling po-
wer is increased. Second, the irradiance in the outdoor measurement is 200 W
m 2, while the irradiance in the indoor measurement is only 750 W m 2. Conse-
quently, the absorbance in the visible spectrum leads to a higher heat input for the
outdoor case. Considering these effects, the values agree reasonably well. The
reproducible values of the indoor setup allow for better comparison between
different measurements as displayed in the literature. PDMS samples measured at
different locations and times show an even larger range of temperature reductions.
For instance, Zhou et al. observed a sub-ambient cooling of 11 K at Buffalo, NY,
USA (February 2018).°* Zhu et al. reported 3.3 K at Nanjing, China (November
2019),” and our previous study showed 7.4 K at Bayreuth, Germany (April 2020).”"
The disparity in the investigation of similar PDMS films from different groups is attrib-
uted to the distinct measurement conditions, e.g., ambient air temperature, humid-
ity, and solar irradiation. Even subsequent measurements with the same setup from
one group at a fixed location are prone to fluctuations, due to the equilibration time
and the natural changes in temperature, humidity, and solar radiation. Consequently,
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Figure 3. Comparison with numerical calculations

(A and B) Temperature tracking (A) and net cooling power measurement (B) of a PDMS film (~88.4 um) via the indoor setup.

(C and D) A steady net cooling power could be obtained within 30 min. Numerically calculated net cooling power as a function of emitter temperature with different
non-radiative heat transfer coefficients (h} for (C) a thin PDMS film (~19.2 pm) and (D) a thick PDMS film (~88.4 pm), based on the configuration of the indoor setup.
The respective experimental values are measured and plotted to estimate h. for our setup. Values of 11.6 and 11.2W m K ™ were obtained for the thin and thick
PDMS samples, respectively. For the experiments, the setpoint was 19.5°C and solar light was excluded.

multiple tests are typically run simultaneously to allow for comparability among
different samples. In contrast, the proposed indoor setup enables measurements
with a predetermined condition and, thus, allows a quantitative comparison of mea-
surements from different days.

Cooling power characterization

Besides the sub-ambient temperature that a passive cooling material can reach, its
net cooling power is another important parameter for quantifying the cooling perfor-
mance. The standard technique to measure the net cooling power is using a feed-
back-controlled electrical heater underneath the sample to maintain the ambient
temperature. As a result, the recorded input heating power is equivalent to the
net cooling power.” However, the cooling power obtained from outdoor measure-
ments, in most cases, fluctuates over time due to the unstable conditions, mainly so-
lar intensity, wind speed, and cloud coverage. Hence, such outdoor measurements
are typically carried out for many hours and merely reach a temporary steady-state
condition, making quantification of the cooling power difficult.”""** By contrast, a
steady net cooling power can be measured with the presented indoor setup in a mat-
ter of minutes. The ambient temperature is set to the Ag mirror temperature deter-
mined under the same measurement condition. We assume that at this temperature,
no non-radiative losses, i.e., convection and conduction, occur. As shown in
Figures 3A and 3B, the net cooling power of a PDMS film (~88.4 um) was obtained
within 30 min. The PDMS film exhibits a net cooling power of about 200 W m 2 at an
ambient temperature of 19.5°C, w/o solar light. Compared with the net cooling
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power of the PDMS-based passive cooling devices reported in the literature, i.e., up
to ~130 W m 2%’ the value obtained from the indoor setup is relatively high. This is
attributed to the absence of atmospheric thermal radiation outside of the sky-win-
dow range in the indoor setup.’® Nevertheless, characterizing the passive cooling
power with the indoor setup allows for a precise and defined measurement with a
reasonably fast equilibration time.

Formaterials exposed to the clear sky, the net cooling power can be calculated with the
radiative model, Peoot = Pmat = Psun = Patm = Pronrad. Here, Pra: is the thermal irradia-
tion power of the emitter, Py, is the solar power absorbed by the material, P, is the
absorbed power from the atmosphere, and Pp,oaq is the absorbed power due to con-
duction and convection. Pponrad can be expressed as Pognrad = he * (Tatm = Tmat), where
h. is the non-radiative heat transfer coefficient. For the indoor setup, the inner space is
filled with nitrogen and the path between the sample and the dome is short. Thus, Paim
can be omitted and the equation can be simplified to Peool = Pmat = Psun = Pronrad and
Peool = Pmat = Pronrad for daytime and nighttime, respectively. [t needs to be noted that
h. varies from measurement to measurement, because of the distinct measurement
conditions, and the estimation of h. has been widely conducted,””* whereas, it should
not depend on the material optical properties.

To better understand our indoor setup and verify that h. is indeed independent of
the optical properties for all indoor setup measurements, we calculated the theoret-
ical net cooling powers of PDMS films with various optical properties and compared
them with the actual indoor measurements. The h.-dependent net cooling power of
PDMS films with two different thicknesses, 88.4 and 19.2 pm, was calculated via the
radiative cooling model based on the indoor setup configuration. The model was
thoroughly discussed in our previous work, which demonstrated the thickness
dependence on optical properties and passive cooling performance.”” The complex
refractive index of PDMS films used in the calculation was obtained from the litera-
ture.”’*® To determine h. of our indoor setup measurements, the net cooling
powers of the PDMS samples were measured at five different temperatures. We
observed a linear relationship between the sample temperature and the cooling po-
wer that agreed with the expected trend obtained from the numerical calculations
(Figures 3C and 3D). Based on the linear fitting of the measurement paints, we esti-
mate h, of the indoor measurementsto be 11.6and 11.2Wm 2K ' forthe measure-
ments of thin and thick PDMS films, respectively (Figure S7). The consistent h. value
obtained from the indoor measurements with different samples proves the stability
and reliability of the indoor setup. In addition, we observed a slight offset between
the measured and calculated net cocling power. We attribute this to the approxima-
tions in the theoretical model, the adopted complex refractive index value from the
literature,”” and the uncertainty of the measurement.

Variation of environmental parameters

Solarirradiance and ambient temperature vary with time and location. They strongly
influence the cooling capacity of passive daytime cooling devices. As shown in
Figures 4A and 4B, solar irradiance changes from 0 to ~950 W m ~2 during a summer
day and ambient air temperature changes between about =10°C to about 35°C over
a year in Bayreuth, Germany. How do temperature and solar radiance influence the
cooling performance? In our indoor setup, the solar irradiance can be changed be-
tween 0 and 100% of one sun via the solar simulator. We, therefore, examined the
sub-ambient cooling as well as the net cooling power of a graphite coating at various
solar intensities, from 0% to 100%. As illustrated in Figure 4C, the temperature dif-

ference (Tgraphite = Tamb) increased from about =10 K to +10 K with increasing solar

g

8 Cell Reports Physical Science 3, 100986, August 17, 2022

Cell Reports .
Physical Science

129



Cell Reports

¢? CellPress

OPEN ACCESS

Physical Science

A 000 B 4
~ 800 A o 307
E 1 .; 20
3 600 A 2

® 1 ® 104
S 400 - g

2 ] £ 0
£ 2001 2

- 1 -10 o

0 =

Ty

=20 =

T
14 June 15June 16 June 17 June 18 June

(o]
o

— T T T T T T T T T

S > S ]
F@E & @B P PR P& F

15 0

E L * Tgraphite - Tamb - 200 o E -5 4
§ 10 ~y ¥ Peool * E § ==
g ~ 100 2 g 10 - ik SR
5 A S = > —-a
£ 57 . . 3 £ 11 O
g s v g E =15 4 2 th 2 -
2 0 = o = E|
8 Sso 2 g 20 1
@ -~ = @ : .
a -5 . ~o E] =% == Simulation
£ L _ S £ —25 4 .
2 [, * S~ 1000 8 ® Experiment

-10 & T T T T T -30 T T T

0 20 40 60 80 100 0 10 20 30 40 50

Relative light intensity / %

Figure 4. Variation of environmental parameters
(A) Solar irradiance over four days in Bayreuth, Germany.

Ambient temperature / °C

(B) Ambient air temperature of different months in Bayreuth, Germany, over the last three years. The error bars represent the standard deviation of the data.

(C) Impact of solar intensity on the passive cooling performance of a graphite coating. The temperature difference (Tg aphite = Tamb) and net cocling
power (P...) show a linear trend when increasing the solar light intensity from 0% to 100% of one sun (~1000 W m 2).

(D) The impact of ambient temperature (T,,.) on the cooling performance of a PDMS film. Both the simulation and experiment show that T,,,, enhances

the cooling performance leading to a decrease in the temperature difference (Topms — Tamb)

intensity from 0% to 100%. Concomitantly, the net cooling power declined gradu-
ally. Moreover, the temperature difference and the net cooling power showed a
linear trend with respect to the solar intensity.

The temperature controllable gas flow allows tuning of the ambient temperature in
the measurement cell between 10°C and 35°C (Figure S8). The temperature depen-
dence of blackbody radiation is well known. An increasing emitter temperature en-
hances the thermal irradiation, and, therefore, the cooling performance. We
measured the steady-state temperature of a PDMS film (88.4 um) at various ambient
temperatures. We found that with increasing the ambient temperature, the cooling
performance was also enhanced, as indicated by the increased sub-ambient cooling
(Figure 4D). The sub-ambient cooling rose from 8.7 K to 11.0 K, with increasing the
ambient temperature from 12.6°C to 27.5°C. We confirmed this temperature depen-
dence by a numerical calculation with h. = 11.2 W m 2 K ™". Despite the offset be-
tween the experimental and theoretical values (~9 K), the trends agree well.

In general, passive cooling materials can be divided into two groups. The first group
is selective emitters, which emit only at the atmospheric window (8-13 pum). These
emitters transfer heat directly to outer space without interference from the atmo-
sphere. The second one is broadband emitters. Broadband emitters emit not only
at the atmospheric window but also outside, resulting in heat exchange with the at-
mosphere itself.?” It is controversial which kind of emitter is better suited for passive
cooling applications.”"“” In its current form, our setup is best suited to compare
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Figure 5. Distinguishing broadband and selective emitters

(A) An MIR filter consisting of PDMS on PE is inserted between the sample and the convection shield.

(B) The absorption spectrum of the PDMS-PE filter is comparable with the transmission of the atmosphere.

(C) Cooling power measurements of differently thick PDMS samples with and without the filter. With increasing thickness, the cooling power rises. The
introduction of the MIR filter results in a significant reduction of cocling power

(D) The relative cooling power loss decreases with increasing PDMS film thickness. The loss correlates with the emission selectivity of the samples.

emitters of the same type, i.e., compare broadband with broadband and selective
with selective emitters. However, the discrimination between broadband and selec-
tive emitters is limited due to the lack of an atmospheric window. Directly simulating
the atmosphere within the indoor setup is rather challenging.

Instead of equipping the indoor setup with a direct MIR filter with a transmission
similar to the atmosphere to further imitate the field testing, an inverse MIR filter
that emits only in the atmosphere window regime can be introduced. By placing
the inverse MIR filter, which possesses ambient temperature, between the sample
and the cold dome during the measurement, only the spectral radiation ocutside
the atmosphere window regime can reach the cold dome (Figure 5A). The filter
will block the rest. Selective emitters can thus be distinguished from broadband
emitters by comparing the proportion of cooling power loss in a two-step measure-
ment without and with the inverse MIR filter installed. The radiation in the atmo-
sphere window regime contributes distinctly to the radiative cooling ability of broad-
band emitters and selective emitters.

We demonstrate such an inverse MIR filter by coating an LDPE foil with a thin layer of
PDMS. A thin PDMS film with the desired thickness on an LDPE foil ensures a high ab-
sorption in the regime of 8-13 um and simultaneously high transmission in the re-
maining spectral range (Figure 5B). The cooling power of PDMS films with different
thicknesses, i.e., 712 nm and 8.6, 13.1, and 88.4 um, is determined w/o and w/ the
PDMS-PE filter to prove the concept (Figures 5C and 59). The optical properties of
the PDMS films show that with increasing film thickness, they gradually transition
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from a selective to a broadband emitter (Figure 510). Consequently, the cooling po-
wer without the MIR filterincreased gradually. Thisisin good agreement with our pre-
vious work based on outdoor measurements.”” The cooling power reduces dramat-
ically when applying the PDMS-PE filter. The decrease varies for the differently thick
PDMS films. To highlight the cooling power difference caused by the PDMS-PE filter,
therelative power loss was calculated as power loss = (Pyyso = Pw/)/Puso and is shownin
Figure 5D. The increasing thickness of the PDMS films reduces the cooling power
loss, which indicates that the PDMS-PE filter affects selective emitters more impor-
tantly than broadband emitters. Besides, we also calculated the cooling power loss
of the PDMS films w/and w/o atmosphere with outdoor conditions (Figure S11).
Despite the deviation of the absolute value between the experiment and the simula-
tion, the trend agrees well. The deviation is mainly attributed to the imperfect match
between the PDMS-PE filter and the atmosphere. The inverse MIR filter design can
assess the influence of the sky-window transmission on the cooling power but is
not suitable to compare the temperature reduction with outdoor measurements. A
direct temperature comparison required a filter matching the sky-window properties.

Although it is hard to imitate the atmosphere in the indoor setup, with the inverse
MIR filter, the indoor setup can distinguish between selective and broadband emit-
ters. The possibility to add a tailor-made filter to our setup further expands the scope
for its applicability to characterize passive daytime cooling materials close to field
testing conditions. Further additions may include filters that account for a specific
relative humidity or cloud coverage. Another class of filters may address the angular
dependence of the thermal emission of a given material by controlling the view fac-
tor of the dome in dependence on the polar angle. Such a measurement capability is
highly demanded to characterize emissive materials with diffusive reflectance prop-
erties. For instance, the heat management properties of smart textiles can be inves-
tigated with such a sample-dome layout, when operated at body heat and room
temperature, respectively.”’

In summary, we constructed a versatile indoor setup to thoroughly characterize the
performance of passive cooling materials for both daytime and nighttime. Our setup
combines a liquid-nitrogen-cooled Al dome with a solar simulator. Unlike conven-
tional outdoor measurements, our setup allows controlling the measurement condi-
tions, leading to outstanding reproducibility and time-saving measurements. Char-
acterizing materials in a laboratory environment makes measuring and comparing
materials independent of weather, time, and location. Additionally, the impact of so-
larintensity and ambient temperature on the cooling performance can be practically
studied. Such comprehensive investigations are impossible for outdoor measure-
ments due to the uncontrollable atmospheric conditions. We are convinced that
our test setup is a first step toward a standardized passive cooling test routine. A
standardized method to practically compare the cooling performance of various
innovative materials from research groups all over the world is, however, a gate-
keeper to turning passive cooling into a widespread and applied technology.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Markus Retsch (retsch@uni-bayreuth.de).

Materials availability
This study did not generate new unique reagents.
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Data and code availability
All data from this study are available from the corresponding author upon reason-

able request.

Preparation of reference materials

Ag mirrors

Ag with a thickness of 100 nm was thermally evaporated on a silicon wafer (r= 2.5 cm),
followed by a deposition of 10 nm silicon oxide (SiO;) with a sputter coating step.

PDMS films

PDMS films with different thicknesses (88.4, 13.1, and 8.6 um and 712 nm) were pre-
pared on top of the Ag mirrors. For this, a prepolymer of PDMS (Sylgard 184, Dow
Chemical) was mixed with a curing agent in a ratio of 10:1 (by weight) and degassed
in a desiccator under vacuum. Subsequently, films with a thickness of 88.4 and
13.1 um were prepared via spin-coating (1,000 and 3,000 rpm) on the Ag mirror.
For films with a thickness of 8.6 and 13.1 pm, the prepolymer/cross-linker mixture
was diluted to 75 wt % and 25 wt % solutions, respectively, with n-hexane. The films
were then prepared via spin coating (3,000 and 4,000 rpm) on the Ag mirror. The
PDMS layers were cured at room temperature for 48 h.

Graphite coating

The graphite coating is prepared by spray coating graphite (Cramolin, ITW Spraytec,
Germany) onto a precleaned silicon wafer (r = 2.5 cm), followed by evaporation of
the solvent at ambient temperature.

The layer thickness of the reference samples, namely PDMS films and graphite, was
determined by using a three-dimensional (3D) laser scanning microscope (LEXT
OLS5000, Olympus). A thickness of 88.4 ym, 13.1 um, 8.6 pm, 712 nm, and
3.2 pm was obtained for the four PDMS films and the graphite coating, respectively.

PDMS-PE window

A prepolymer of PDMS (Sylgard 184, Dow Chemical) was mixed with a curing agent
in a ratio of 10:1 (by weight) and degassed in a desiccator under a vacuum. The re-
sulting mixture was diluted to a 50 wt % solution with n-hexane. A PDMS thin film was
spin-coated (3,500 rpm) on an LDPE foil (thickness of around 15 pm), which was
evenly attached to a silicon wafer (r = 7.5 cm). A PDMS-PE window was obtained
by detaching the PDME-PE foil from the silicon wafer.

Optical characterization with UV-Vis and FTIR spectroscopy

Broadband optical properties of the reference materials were characterized by ultra-
violet-visible (UV-Vis) and Fourier transform infrared (FTIR) spectroscopy. UV-Vis
reflectance of the reference materials was measured with a UV-Vis spectrometer
(Cary 5000, Agilent Technologies) equipped with an integrating sphere accessory
(Labspheres). A Spectralon diffuse reflectance standard (Labspheres) was used as
a reference. The FTIR spectroscopy measurements were carried out on an IR spec-
trometer (Vertex 70, Bruker) coupled with a gold-coated integrating sphere acces-
sory (A562, Bruker). A gold mirror was used as a reference. The absorptance (emit-
tance) was calculated as absorptance (emittance) = 1 = reflectance. We assume that
the transmission can be neglected because of the Ag layer at the back.

Transmittance characterization of the convection shield
We used a pyroelectric sensor (FieldMaxll, Coherent) to measure the power of the
solar simulator irradiation. Triplicate measurements were performed with and
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without the convection shield between the simulator and the sensor. The transmit-

tance was calculated as 1 = Py shield/ Pw/o shield-

Indoor measurements

Daytime measurements are imitated by applying solar light provided by a solar
simulator (AX-LAN4Q0, Sciencetech, Canada) with an illumination area of
5 x 5 cm?. For nighttime measurements, the solar simulator was turned off. For
all indoor measurements, dried air was warmed up by a water bath with a
controlled temperature and flushed the area between the convection shield and
measurement cell. Liguid nitrogen was filled into the setup to cool down the Al
dome. Before filling the liquid nitrogen into the setup, the inner space of the
dome is flushed with N; to remove air. Thus, no pronounced water condensation
was observed on the convection shield. The temperature of the dome is main-
tained during the entire measurement by continuously filling liquid nitrogen into
the setup. The sample temperature is measured with a thermocouple (type T)
and collected by a digital multimeter (DAQ6510, Tektronix, Germany) every 5 s.
To determine the steady-state temperature, data from the last 5 min of the mea-
surement were averaged.

For the indoor measurements with the PDMS-PE window, the prepared PDMS-PE
foil was placed above the sample holder at a distance of around 5 mm.

Repeatability test

An Ag mirror was used to check the repeatability of the setup. The temperature of
the airflow was controlled by setting the water bath to 40°C. The steady-state tem-
perature of the Ag mirror was measured three times per day on three different days,
w/ and w/o one sun power of solar light (~1000 W m “2),

Solar intensity dependence test

The graphite coating was measured to highlight the influence of solar intensity on
the cooling performance. The temperature of the airflow was set to 40°C. The in-
tensity of the solar light was varied from 0% to 100% of one sun power (~1000 W
m “%). The steady-state temperature and the cooling power of the graphite coating
were then obtained under each condition. The net cooling power was measured
by actively heating the graphite coating to keep it at the same temperature
as an Ag mirror under the same conditions (water bath temperature and solar
irradiance).

Ambient temperature dependence test

A PDMS film (88.4 um) was applied to prove the temperature dependence of the
thermal irradiation. The temperature of the airflow was set to 35°C, 40°C, 50°C,
and 60°C. Subsequently, the steady-state temperature of the Ag mirror and the
PDMS film was measured w/o the solar light.

Rooftop measurements

Rooftop measurements for daytime and nighttime were carried out on the roof of a
four-floor building (June 17-18, 2021, University of Bayreuth, Bayreuth, Germany)
under a clear sky. The reference samples were each placed in identical homemade
sample holders. The holders were thermally insulated by Styrofoam and covered
with Mylar Al foil. Convective heat transfer was prevented by applying an LDPE
foil, with a thickness of approximately 15 pm. The emitter temperatures were
measured by Pt100 temperature sensors and recorded with a digital multimeter
(DAQ6510, Tektronix, Germany) every 5 s. Temperatures between 1:00-1:30 and
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13:00-13:30 were averaged to obtain steady-state temperatures. One sample hold-
er covered with Al foil but without LDPE foil was used to obtain the ambient temper-
ature. The solar irradiance data were collected from the weather station at the Uni-
versity of Bayreuth (Ecological-Botanical Garden, 400 m away from the rooftop
measurement).

Numerical calculations

The numerical calculations for theoretically estimating the steady-state temperature
and cooling power of the PDMS films are based on a model that is described in our
previous study.”” The broadband optical properties of the PDMS film are obtained
from the literature.”’**** The sample was tilted 8° to avoid direct reflection of the
solar light. For simplicity, this has been neglected in numerical calculations. A polar
angle 8 of 60° and an azimuthal angle of 360° was applied to the calculation based on
the configuration of the indoor setup. We assume that no thermal radiation was
emitted by the liquid-nitrogen-cooled dome.

To calculate the cooling powers of PDMS films with different thicknesses, i.e., 88.4,
13.1, 8.6 um and 712 nm, with the outdoor condition, a polar angle 6 of 90° and an
azimuthal angle of 360° were applied. The ambient temperature of the emitter is set
to 18.5°C, which is the preset temperature of PDMS films for indoor cooling power
measurement. For emitters with a temperature as same as ambient temperature, the
nighttime cooling power is calculated as Prat = Patm. Pmat is the total power emitted
by the sample. Pay. is the absorbed power from the atmosphere. The cooling power
loss is calculated as (Pmat = Patm)/Pat-

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].xcrp.
2022.100986.
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9. Breathable and Flexible Dual-Sided Nonwovens with
Adjustable Infrared Optical Performance for Smart

Textile

Power Source
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A breathable and flexible dual-sided nonwoven composed of polyimide nanofiber and silver
nanowires possesses good electrical conductivity and high infrared reflection performance. A
personal thermal management device is constructed of two layers of dual-sided nonwoven
containing different amounts of silver nanowires, demonstrating prominent human body
warming performance by combining active Joule heating and passive warming via reduced
radiative losses.
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Breathable and Flexible Dual-Sided Nonwovens with
Adjustable Infrared Optical Performances for Smart Textile

Qiang Gao, Tobias Lauster, Bernd A. F. Kopera, Markus Retsch,* Seema Agarwal,*

and Andreas Greiner

Maintaining constant body temperature is the most basic function of textiles.
However, traditional fabrics irradiate a massive amount of thermal energy

to the ambient environment due to the high emissivity of the materials used
for textiles. This phenomenon weakens the thermal function, causing vast
thermal energy loss by dissipation as infrared (IR) irradiation. To improve
thermal comfort and reduce extra energy consumption, smart thermal man-
agement textiles must maintain constant body temperature by regulating IR
irradiation from the human body or by compensating heat losses by joule
heating. Here, a smart dual-sided nonwovens1 preparation procedure and
properties for use as a textile with this combination of properties are shown.
The nonwoven combines a high porosity with high IR reflectance and low

IR emittance. The nonwoven is adjustable from reflective to emissive when
turned inside out. It is consequently permeable to air and vapor and simulta-
neously mitigates thermal heat losses with radiation. In addition, low sheet
resistance and superior flexibility make it possible to use them in flexible elec-
tronics and wearable devices. It can be further equipped with a porous Joule

1. Introduction

Thousands of years ago, our ancestors
used all kinds of plants to cover the body
to keep it warm. In recent centuries, silk,
cotton, hemp, and other natural mate-
rials were applied in the traditional textile
field to realize clothing warmer and more
comfortable. Textiles are revolutionized by
synthetic materials such as polyesters and
nylons, and incorporating smart function-
alities has become a trend and research
objective. The smart functionalities are
introduced for monitoring body move-
ments, detecion of metabolic indexes, or
energy storage.l For instance, solar cell
integrated textile is promising for energy
storage and charging portable electronic
devices.”) TInitially, the textile’s essen-

heating layer adding active control to the personal thermal comfort.
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tial function is to keep warm and reduce
body energy loss for surviving in the frigid
natural environment. Traditional textiles
concentrate more on lowering body heat
transfer into the air surrounding via convection and conduc-
tion. However, it fails to insulate body thermal emission due
to the high emissivity of ordinary cloth. If heating and insu-
lation could be managed based on human requirements, a
huge amount of energy could be saved?! and personal thermal
comfort increased. Hence, personal thermal management
devices, wearable like typical textiles and capable of signifi-
cantly reducing body heat loss or raising the textile temperature
according to personal desire, has been developing to improve
body thermal comfort control in new strategies and solutions.
By regulating heat exchange (infrared (IR) radiation flow) from
the human body to its surroundings, developing advanced
materials with body thermal irradiation control has attracted
considerable attention.”! IR transparent radiative,® emissive
radiative,l® solar-reflecting radiative cooling textiles, and con-
ductive cooling textiles with enhanced thermal conductivity”
have been widely reported to keep cool in warm surroundings
by heat exchange between human body and environment.l’l On
the contrary, when in cold climate, textiles with warming pur-
pose are highly demanded to significantly reduce heat loss into
the surroundings. This is technically achieved by thermal insu-
lating materials, such as porous aerogel fiber,®! or IR reflecting
materials via incorporating metal particles and metal wires.[®®?)
To compensate for heat dissipation through IR radiation, tex-
tiles with electro heating function are highly desired to realize

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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the aims of harvesting energy from the human body to main-
tain body temperature constant, especially for those people
living in harsh regions.'¥)

High-performance polymers like polyimide (PI) have excellent
mechanical properties, high chemical resistance and excellent
thermal stability. They are often applied as filters, mechanical
parts, insulation and passivation films, and medical tubing. Short
electrospun fibers constructed polymeric sponge is an excellent
thermal insulator with very high thermal resistance thanks to
its super-high porosity."l Nevertheless, when some electrically
conductive materials such as graphene and carbon nanotube,"
electrically conductive polymer,™! and metal nanowire™ were
incorporated, these polymeric materials could change their elec-
trical property from non-conductive to conductive, even highly
conductive, which often used to prepare wearable devices, such
as sensor and triboelectric nanogenerator.’] Recently, silver
nanowire (AgNW) has been established as a promising electri-
cally conductive material applied to prepare various kinds of
electronic devices such as smart sensors!'® for monitoring physi-
ological indexes, transparent touch screens|”l and nanogen-
erator for energy-harvesting and storage.l®l Additionally, AgNW
is also known for its ultralow IR emissivity, thanks to the low
emissivity of bulk silver =0.02). A recently developed AgNWs
coated textile showed much higher IR reflectance of =~40%
compared to uncoated textile (=1%) and provided 21% more
thermal insulation due to the reduction of radiation loss.”) In
comparison, herein, we present the preparation procedure and
detailed characterization of an electrically conductive dual-sided
PIJAgNW nonwoven with lightweight, highly flexible, air per-
meable, washable, [R-reflecting, and tailored heating properties.
The IR reflecting properties are different on two different sides
so that it can be used for multipurpose. The prepared PI/AgNW
nonwoven is appropriate for flexible electronics and smart wear-
able devices and for other applications like for example sensor
devices and energy devices for future use.

2. Result and Discussion

The dual-sided nonwovens were prepared, as shown in Figurel.
First, the PI electrospun nonwoven (thickness 48.0 + 2.5 um,
area 10 cm?, Figure Sla, Supporting Information) was placed
on a sand core funnel, and then AgNW dispersion (different
amounts of 17 g L' dispersion) was filtered through the PI non-
woven under vacuum assistance. During this process, AgNW
networks were formed on top of the PI nonwoven (Figure S1b,
Supporting Information). The average diameters of PI fibers
and AgNWs were 0.30 £ 0.07 and 0.10 £ 0.03 pm, respectively
(Figure Slc, Supporting Information). A thermoplastic polyure-
thane (TPU) solution was filtered through the PI/AgNW non-
woven network under light vacuum with the intention to bond
AgNW networks strongly onto the PI nonwoven by residual
TPU acting as glue between the two. The as-prepared nonwo-
vens have dual sides: the AgNW network side (silver gray) and
the PI nanofiber layer side (yellow) (Figure 1b). The TPU (blue
regions in Figure 1c) is entangled with AgNWs and attached to
the PI nonwoven, as confirmed by energy-dispersive X-ray-scan-
ning electron microscopy (EDX-SEM) (Figure 1d). The dual-
sided nonwovens are designated as PIJTPU/AgNW-X, where X
denotes the volume of AgNW dispersion (17 g L") inpL used
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for the preparation of nonwovens. PI/TPU/AgNW-25 and PI/
TPU-AgNW-500 nonwovens have a thickness of 56.7 £ 1.0 and
577 £ 3.1 pm (Figure S2a, Supporting Information), respec-
tively. The pore size (Figure 1e) of PI/TPU was centered around
1.7 um. The dual-sided nonwoven with fewer AgNWs (PI/TPU/
AgNW-25) showed a sparse AgNW network, which insignifi-
cantly affected the nonwoven5s pore size (=1.7um). However,
the sample PI/TPU/AgNW-500 showed a decrease in pore size
to 0.7 um due to the denser layer of AgNW networks. All non-
wovens were air permeable as the pore structure was retained
during the preparation process using a light vacuum for the
filtration of TPU and AgNWs (Figure 1f). PI/TPU, PI/TPU/
AgNW-25 and PI/TPU/AgNW-500 showed air permeability of
52 +0.5, 4306, and 2.7 £ 0.6 mm s respectively, whereas
pure PI nonwoven has a permeability of 20.3 £ 0.5 mm s
The nonwovens also presented good moisture permeability
(Figure S2b, Supporting Information) (=65 mg cm? day! for
PI/TPU/AgNW-500), which is close to the value of pure PI elec-
trospun nonwoven (=82 mg cni? day™'). Both sides of the PI
nonwovens were hydrophobic with high contact angles (=140°,
Figure S2¢, Supporting Information). Although pure AgNWs
are very hydrophilic, the AgNW network side of dual-sided non-
wovens also showed very high contact angles (145.5 £ 0.1 and
144.940.5 degrees for PI/TPU/AgNW-25 and PI/TPU/AgNW-
500, respectively) due to the homogeneously dispersed TPU
in the network (Figure S3, Supporting Information). The dual-
sided nonwovens were as strong as the pristine PI nonwoven
(18 MPa in tensile strength, 77% in strain) without any signifi-
cant effect of TPU or AgNWs (Figure 1g).

As both PI nonwoven and TPU are electrically insulating
materials, the electrical property of the dual-sided nonwoven is
significantly influenced by the amount of AgNW due to the low
resistivity (1.6 x 107 © m) of silver. The polymeric nonwovens (P1
and PI/TPU) showed very high electrical resistance (sheet resis-
tance: >10® € sq7Y). The sheet resistance of the dual-sided nen
wovens could be tuned to as low as 0.2 Qsq ! using appropriate
amounts of AgNWs. The resistance decreased with the increasing
quantity of AgNW (Figure 2a and Table S1, Supporting Informa-
tion) with a discontinuous jump between PI/TPU/AgNW-2.5
and PI/TPU/AgNW-5 from =5x10® to =10° Q sq~". Denser AgNW
networks resulting from more AgNWs, as demonstrated by
SEM images (Figure S6, Supporting Information), contributed
to high conductivity, resulting in decreased sheet resistance.

The nonwovens are mechanically flexible. In the circuit with
PI/TPU/AgNW-500, there was insignificant variation in lumi
nance of the lightening light-emitting diode (LED) bulb with
the nonwoven undergoing bending and twisting deformations
(Figure 2b) compared to that of the virgin state. These types
of bending and twisting deformations are often faced by wear-
able, flexible devices in everyday life. Additionally, the PI/TPU/
AgNW-500 exhibited outstanding electromechanical proper-
ties. In particular, the electrical resistance shows a negligible
variation (R/Ry = 1, R and R, denoting resistance after and
before test respectively) even after 100-time repeatable bending
(bending angle: =140°) (Figure 2c and Figure S7, Supporting
Information), indicating high durability and cyclability to with-
stand non-tensile deformation. When the sample was stretched
to about 65% (Figure 2d), there was only a small increase in
the resistance of PI/TPU/AgNW-500 from 2 to 40 Q. In con-
trast, a higher resistance change was observed for dual-sided

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Preparation route a) and b) digital photographs of the dual-sided nonwoven (sliver gray: AgNW networks side, yellow: Pl side). c) Photo-
shop colored SEM image (original image seen in Figure S4, Supporting Information) of AgNW networks with TPU:TPU colored in green. The digital
photograph of the AgNW water suspension is shown in the green frame at the left corner. d) EDX-SEM image of the dual-sided nonwoven PI/TPU/
AgNW-500. The purple area presented the AgNW networks. e) Pore size distributions of Pl electrospun nonwoven, Pl electrospun nonwoven with TPU,
PI/TPU/AgNW-25, and PI/TPU/AgNW-500. f) Air permeability of PI electrospun nonwoven, Pl electrospun nonwoven with TPU, PI/TPU/AgNW-25,
PI/TPU/AgNW-500, and PI/TPU-casting. The sample PI/TPU-casting is prepared by casting 2 mL 8 wt% TPU solution on PI electrospun nonwoven
(SEM image in Figure S5, Supporting Information). g) Mechanical properties of Pl electrospun nonwoven, Pl electrospun nonwoven with TPU, PI/

TPU/AgNW-25, and PI/TPU/AgNW-500.

nonwovens with fewer AgNWs (PI/TPU/AgNW-25) under similar
conditions. It showed a change from =700 to =8000 Q merely
within 10% strain deformation. In PI/TPU/AgNW-25 with fewer
AgNWs, stretching just over 10% leads to a break in electrical
percolation due to the fracture of AgNW networks leading to the
loss of conductivity. The dense network of AgNWs in PI/TPU/
AgNW-500 is responsible for tolerating a large deformation
without losing performance, despite the network fractures, the
electrical connectivity is maintained by interconnected cracked
structures. (Figures S8 and S9, Supporting Information).

We also assessed the resistance stability at different tempera-
tures (Figure 2e,f). During the first heat processing, a reduc-
tion of resistance with temperature up to 100 °C was observed,
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which we attribute to the thermal annealing of AgNWs and the
resulting efficient contact of AgNWs at their junctions. In the
second heating cycle, the resistance of both dual-sided non-
wovens (PI/TPU/AgNW-500 and PI/TPU/AgNW-25) increased
linearly with temperature increasing from room temperature
to 160°C, showing the metal-like behavior of electron trans-

port as expected. The dual-sided nonwoven, PI/TPU/AgNW-
500 even maintained a stable resistance for 1200 min at 250°C
(Figure 2g). PI/TPU/AgNW-500 also showed an excellent adhe-
sion stability of AgNWs on PI nonwoven as seen in a washing
test in soap water at 45°C for 10 h in total (2 h for five times)

(Figure 2h). PI/TPU/AgNW-500 maintained its low resistance
after washing.
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Figure 2. a) Sheet resistance of the dual-sided nonwovens prepared using different volumes of AgNW dispersion (17 g L™). Pl and PI/TPU are labeled
on the graphic without AgNWs for comparison. b) The luminance of LED bulb under different deformations of the dual-sided nonwoven. Resistance
change of PI/TPU/AgNW-25 and PI/TPU/AgNW-500 on repeated c) bending cycles and d) different strain. e) The change of resistance of PI/TPU/
AgNW-25 and f) PI/TPU/AgNW-500 upon temperature change. g) The change of resistance of PI/TPU/AgNW-500 at different time. h) The change of
resistance of the dual-sided nonwoven after washing under different washing environments.

The PI/TPU/AgNW-500 demonstrated strong IR reflectance.
The IR reflection performance of the samples was investigated
by a setup, as depicted in Figure 3a and Figure S10, Supporting
Information. The PI/TPU/AgNW-500 acts as a mirror in the
mid IR range and, consequently, reflects thermal energy from
a hot or cold source. This leads to a significant apparent tem-
perature difference compared to PI (Figure 3b). Note that the
exact determination of the absolute surface temperature of
highly reflecting surfaces is very hard to conduct. We stress this
fundamental issue in thermography by reporting an apparent
temperature, which is merely a measure for the temperature of
the surrounding environment than of the sample surface itself.
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The IR reflectance of the dual-sided nonwoven depends on the
AgNW concentration (Figure 3c), whereas the reflectance of
PI side is constant at =30%. We then characterized the optical
properties of PI/TPU/AgNW-500 and pure PI electrospun non-
woven in more detail, including reflectance, absorptance, and
transmittance spectra (Figure 3d,f). The PI/TPU/AgNW-500
show ultralow IR transmittance of 0.2% regardless of their
orientation, which is expected to provide passive heating by
hindering the thermal exchange between the human body
and the ambient environment. A very significant difference
in absorptance and reflectance of the two sides of the nonwo-
vens, AgNW side, and PI side, was observed. The dual-sided
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Figure 3. a) The schematic diagram of the setup for the measurement of IR reflection performance. b) Thermal images of IR reflection by dual-sided
nonwoven (PI/TPU/AgNW-500). The AgNWs exhibited large apparent temperature difference compared to PI side. The first row: without hot/cold
source; the second row: with hot source; the third row: with cold source. (Apparent temperature is defined as the temperature detected by IR camera
without any correction) c) Average reflectance of a batch of dual-sided nonwovens with different amounts of AgNWs on the AgNW networks side and
Pl side. d) IR reflectance, e) absorptance, and f) transmittance of PI/TPU/AgNW-500 from another batch on the AgNW networks side and Pl side. Gray
area describes the major range of human body radiation. g) A schematic diagram of IR reflection by dual-sided nonwoven.

nonwoven exhibited low absorptance (19.5%) and high reflec-
tance (80.3%) on the AgNWs side, and a high absorptance
(78.5%) and low reflectance (21.1%) on the PI side. Compared
to other AgNW coated textile, our nonwoven displayed a better
IR reflection performance (Table S2, Supporting Information).
We attribute this to the preparation procedure and the choice
of AgNWs of appropriate length that allowed formation of flat
and dense AgNW networks, reflecting most of IR irradiation
as specular reflection and a minor portion as diffuse reflection.
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On the contrary, PI electrospun nonwovens (reflectance: 17.9%;
absorptance: 30.6%; transmittance: 51.5%) and other polymeric
materials, such as conventional textile, paper, and polystyrene
foam, show poor IR reflectance.l?’]

Continuous IR radiation loss from the human body into the
ambient surroundings is the central reason for body heat loss.
Materials with high emissivity have been demonstrated to dis-
sipate more heat from objects to the ambient environment.”! A
textile for on-demand thermal management needs to maintain
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the thermal comfort of the body in different environments,
regulating temperature as required. The dual-sided nonwoven
introduced here, can be worn in two orientations. This will
change the mutual radiative energy exchange between skin,
fabric, and environment, as the emittance strongly depends on
the fabric orientation. According to Kirchhoff’ s law absorption
equals emission. Furthermore, emittance E can be calculated by:

E=1-R-T ey

where R andT denote reflectance and transmittance, respec-

tively. In the major range of human body radiation, a low emit-
tance (=20%) on the AgNW side was observed (Figure S11,
Supporting Information). In contrast, the PI side presented a
quite high emittance of >75% on an average. Figure 3g sum-
marizes the different radiative contributions that will affect the
entire system skin, fabric, and environment. One can expect
that the AgNW layer will lead to less thermal losses, either
since the energy exchange skin-nonwoven (AgNW facing skin)
or nonwoven-environment (AgNW facing environment) will be
reduced. The optimum orientation will, however, also be influ-
enced by heat conduction at the bottom side and thermal con-
vection at the top surface.

To judge the optimum orientation of the dual-sided non-
woven for a passive warming application, we designed an
experiment that closely resembles all contributions (radiative,
conductive, and convective) to the heat exchange in this multi-
body system. We characterize the overall heat loss of a pure
PI electrospun nonwoven compared to PI/TPU/AgNW-500
with a setup as depicted in Figure 4a. A black coated copper
plate resembles the high emission of skin and is set to a tem-
perature of 35°C. A small heater controlled and measured the
required power until a steady-state temperature was reached as
shown in Figure 4b. The nonwoven was loosely placed on the
copper plate to mimic wearing of a textile. The surrounding
dome acts as the ambient environment with a high emissivity/
absorptivity at a temperature of =22 °C. The required power for
the steady-state condition for the two orientations of the dual-
sided nonwoven, the pure PI, and a graphite coated reference
are displayed as a function of dome temperature (ambient) in
Figure 4c. For both, pure PI samples and the PI side of the
PI/TPU/AgNW-500 facing the dome more power is needed to
maintain a skin temperature of 35°C compared to the AgNW
side facing outward. This indicates that the PI side losses
more heat by radiative heat transfer to the environment than
the AgNW side. This is in agreement with the collected optical
data presented in Figure 3d6f. The pure PI electrospun non-
woven and the PI side of the PI/TPU/AgNW-500 show higher
absorptance and are consequently expected to emit more radia-
tion than the AgNW side (Figure 4d). The differences between
pure PI and the PI side of PI/TPU/AgNW-500 in the mid IR
range (>10 um) have apparently no significant influence on
the overall heat exchange. Furthermore, blocking of direct IR
transmission by the AgNW layer facing towards the skin and
a concomitant reduced radiative heat exchange between skin
and fabric seems to have no measurable effect. The power
consumption is the same for pure PI and the dual-sided non-
woven in this configuration. Consequently, for a contribution
to passive warming only the dual-sided nonwoven with the
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AgNW facing to the outside will have an effect. Additionally,
the PI electrospun nonwoven displayed a low thermal effusivity
(88.1 W s2 m™2 K), which is comparatively low relative to
other normal textiles (Figure 4e). Therefore, upon touching
the skin the PI material will feel warm, suggesting that PI side
facing towards skin (AgNW side facing towards outside) is the
desirable wearing orientation.

A smart textile for thermal management needs to perform
two functions: confining and providing heat to the human
body for comfort. Thus, electric heating (active heating) usually
is a popular and feasible way to offer extra thermal energy for
warming a body. We, consequently, characterized the electrical
heating performance of our dual-sided nonwovens by applying
different direct currents. Electrical power (P) was distributed to
the nonwoven by Joule heating according to Equation (2)

P=I’R (2)

where I is applied current, and R is resistance. We used an IR
camera to detect the apparent surface temperature of the sample
after applying different electrical currents, which is illustrated
in Figure 5a. The dual-sided nonwoven PI/TPU/AgNW-25 pre-
sented a rapid increase of the apparent surface temperature from
room temperature to the equilibrium state within 5 s (Figure 5b
and thermal images in Figure S12, Supporting Information). The
apparent temperature could even go as high as 230 °C (Figure 5b)
on increasing the current to 0.37 A. On the other hand, PI/TPU/
AgNW-500 merely produced any Joule heat even at high direct
current (DC) currents (0.37 A), exhibiting surface temperature
close to room temperature. Note, that these apparent tempera-
tures are not corrected to the low emissivity of the AgNW surface
and, consequently, should only be taken for a relative estimation
of the temperature changes upon electrical heating.

In order to take advantage of both active Joule heating and
low radiation losses, we have integrated a nonwoven as a
heating electrode (PI/TPU/AgNW-25) and another as a radia-
tion insulator (PI/TPU/AgNW-500) in the form of a double
layer (Figure S13, Supporting Information). PI/TPU/AgNW-25
and PI/TPU/AgNW-500 stacked together act as a thermal man-
agement device for heat compensation (Figure 5c). The PI side
of the double layer was towards the skin. The apparent tem-
perature of the palm was around 37 °C. The temperature profile
of the as-designed thermal management device is provided in
Figure 5d. Already by applying 0.1 A current the apparent tem-
perature loss due to the low emissivity of the AgNW top layer
is compensated. As expected, the apparent surface temperature
increases even further with a higher DC current. This result
indicates our thermal management device has a prominent
heating function combining passive heating and active electric
heating.

3. Conclusion

In conclusion, we have successfully prepared a breathable
and flexible dual-sided nonwoven with tailored electrical and
thermal properties that are promising as smart textiles for
personal thermal management. The dual-sided nonwoven
consisting of PI electrospun nonwoven and AgNW networks,
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fabric, 180).

presented significant differences of physical, electrical, and
thermal properties on the two sides, which could be tailored
by using the amount of AgNW. More AgNW is prone to form
dense AgNW networks, which possessed very low electrical
resistance of 0.23 Qsq ! and excellent IR reflectance of more
than 80%, far higher than the normal textiles. The dual-sided
nonwoven with the AgNW facing to the outside demonstrated a
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desirable effect for a contribution to passive warming. It could
be integrated into a thermal management device by applying
low current, realizing both functions of reducing heat dissi-
pation to the ambient environment and Joule heating to the
human body. Besides, the dual-sided nonwoven showed out-
standing flexibility under different deformations as well as
washing stability without sacrificing electrical resistance. Such
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Figure 5. a) Schematic diagram of the smart textile for thermal management. The smart textile is composed of PI/TPU/AgNW-500 (top layer), to reduce
thermal emissivity, and PI/TPU/AgNW-25 (bottom layer), to exhibit substantial Joule heating. b) Apparent surface temperature of PI/TPU/AgNW-25
heated by produced Joule heating with different current. (Black and red color represent PI/TPU/AgNW-25 and PI/TPU/AgNW-500 respectively.)
c) Apparent surface temperature and d) corresponding thermal images of the thermal management device by the applied different current.

a dual-sided nonwoven can be used as a multifunctional flex-
ible conductor and personal thermal management device to
keep warm or smart textile escaping IR detection, which is very
promising for next-generation wearable devices.

4. Experimental Section

Materials: Pl electrospun nonwoven was kindly provided by Jiangxi
Xiancai nanofiber Technology Co., Ltd. TPU (Desmopann DP 2590,
Bayer Materials Science, Mn 88 900, Mw 145 000), ethylene glycol (p.a.
>99,5%, Fluka), poly(vinylpyrrolidone) (PVP K30, Mw 40 000, Sigma-
Aldrich), silver nitrate (AgNOs, p.a. 99.9%, Sigma-Aldrich), iron chloride
(FeCly, p.a. 98.0%, Sigma-Aldrich), sodium chloride (NaCl, p.a. 99.0%),
tetrahydrofuran (THF, distilled) were used as obtained. Other solvents
were distilled before use. The AgNWs were synthesized by a solvent
thermal method. 0]

The preparation of dual-sided nonwoven: A piece of Pl electrospun
nonwoven (5 cmx 5 cm) was placed on a sand core funnel, followed
by filtering AgNW aqueous dispersion through the Pl nonwoven
under vacuum assistance to obtain the PIJAgNW network. The used
amount of AgNW is shown in Table S1, Supporting Information. Next,
the dual-sided nonwoven was fabricated by filtering a TPU solution
(2 mL 8 wt%, in THF) through the PI/AgNW network under light
vacuum to physically bond AgNWs strongly onto the Pl nonwoven. At
last, the resulted sample was naturally dried in the fume hood for 24 h.
The relevant parameters used during different steps are tabulated in
Table S3, Supporting Infermation.

The scanning electron microscopy (SEM) (Zeiss LEO1530, Jena,
Germany) was employed for observing Pl nanofibers and AgNW
networks. Energy-dispersive X-ray spectroscopy (EDX) was performed
by using a Zeiss Ultra Plas (Jena, Germany; 10 kV acceleration voltage).

Adv. Funct. Mater. 2022, 32, 2108308 2108808 (8 of 10)

Pore size distribution measurements were used to investigate pore size
of the samples (Toper as standard test liquid with surface tension of
16.0 mN m™). The air permeability of the samples was measured by the Air
Permeability Tester (FX 3300 LabAir IV, Switzerland) with the test area of
5 cm? under the pressure of 98 Pa. Each sample was measured five times at
least, and the average value was taken. Tensile tester (Zwick/Roell BT1-FR
0.5TN-D14, Germany) was employed to characterize the mechanical
property of samples. The samples (2 cm in length, 2 mm in width) were
stretched at a speed of 10 mm min~' (20 °C, pretension 0.01 N mm™). The
thickness of samples was determined by a screw micrometer.

The washing test was performed by dipping the samples into 45 °C
soap water (1 mL Manisoft detergent dissolved into 50 mL DI water)
respectively with 100 rpm min ! stirring for washing. The resistance of PI/
TPU/AgNW-500 upon temperature and time was conducted with van der
Pauw method. Sheet resistance was measured (Four-point measurements)
with Keithley 2420 High-Current Source Meter coupled with Signatone SYS-
301. Stretching resistance of different strain and cycling bending tests were
performed by a tensile tester (Zwick/Roell BT1-FR 0.5TN-D14, Germany) to
monitor stretching distance and bending degrees. An EMOS Multimeter
(EM391) was connected by a copper conductor to detect the electrical
resistance change of samples in different strain and bending cycles.

The IR reflection images were recorded by placing the samples in a
cardbox enclosure. Images with a closed box and a hot or cold source
above the camera were recorded (VarioCAM HD research 875/30 mm,
Infratec) as shown in Figure 3a,b.

FTIR-spectroscopy measurements were conducted with an
IR-spectrometer (Vertex 70, Bruker) in combination with a gold-coated
integrating sphere accessory (A562, Bruker). The reflectance and
transmittance were measured at the respective ports of the sphere. As
reference a diffuse gold standard was used. The absorptance/emittance
was calculated as Equation (1).

The radiative energy loss of the nonwoven was approximated with
a steady-state heat transfer experiment. A circular sample piece with a
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diameter of 3 mm was measured in a self-build setup. The sample was
placed on a copper plate that was coated with graphite at the sample
area and reflective aluminum foil at the outside, respectively. The copper
plate was placed on a feedback-controlled heater and the power used
to keep the sample at 35 °C (skin temperature) was recorded. The
temperature sensor for the feedback control was in contact with the
heater to record the sample temperature. The entire heater setup was
placed within a block of expanded polystyrene to reduce heat losses by
conduction to the surrounding. The heater block was placed below a
graphite-coated aluminum dome with a diameter of 75 ¢cm. The dome
acts as a heat sink and was kept at ambient temperature during the
experiment, which was monitored with a second temperature sensor.
For a typical measurement, the sample was placed on the heater and the
sample temperature, the dome temperature, and the heater power were
monitored every 5 s until a steady state was reached. For each sample,
the power and temperature data of 30 min in steady-state were averaged.

The thermal effusivity of the pure PI fabric was determined with a
modified transient plane source instrument as described in the ASTM-
D7984 standard.”?) Nonwoven pieces with a size of 5x 5 cm are stacked
to reach a sufficient overall thickness for the measurement. To eliminate
the influence of any preferred orientation each layer was pesitioned with
a rotation of 30° with respect to the previous layer. For the measurement,
a thermal conductivity analyzer (TCi C-Therm, Canada) with a circular
probe area of 1.75 cm? was used. During the measurement, a pressure
of 10 N was applied to the stack to ensure good contact.

Different constant electrical currents of 0.05, 0.08, 0.13, 0.17, 0.35, and
0.37 A are applied by a DF-3010 DC power supply to investigate joule
heating effect (1 cm x 3 cm, connected with copper cable). A TruelR camera
(Keysight U5856A) was employed to record the temperature of samples,
and time-dependent joule heating was depicted by the Origin software.

The detailed preparation procedure of the thermal management
device is shown in Figure 513, Supporting Information. The DF-3010 DC
power supply was employed to provide constant currents. An IR camera
was used to detected surface temperature as shown in Figure 5a.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Supplementary figures:
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Figure S1 (a) SEM image of PI electrospun nanofiber. (b) SEM image of AgNW mesh
prepared by the wet-laid method. (c) Diameter distribution of PI nanofiber and AgNW

measured with ImageJ software (100 measurements were selected randomly).
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Figure S2 (a) Thickness of PI nonwoven, PI/TPU nonwoven, PI/TPU/AgNW-25, and
PI/TPU/AgNW-500. (b) Vapor permeability of the dual-sided nonwoven of
PI/TPU/AgNW-500. (c) Water contact angles of PI nonwoven, PI/TPU nonwoven,

PIU/TPU/AgNW-25, and PI/TPU/AgNW-500.
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Figure S3 Optical images of water contact angle on nonwovens. PI, PI/TPU,

PI/TPU/AgNW-25, and PI/TPU/AgNW-500 were hydrophobic, on which water drop could
keep the shape. PI /AgNW-25 and PI /AgNW-500 were hydrophilic, through which water

drop could penetrate easily.

Figure S4 Original SEM image of AgNW networks with TPU.

Figure S5 SEM image of TPU casted PI electrospun nonwoven.
3
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Figure S6 SEM image of the dual-sided nonwoven with different amounts of AgNW.
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Figure S7 Measurement of 100-time bending test and schematic displacement of dual-sided

nonwoven during compressing test.
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PI/TUP/AgNW-500 PI/TUP/AgNW-25

~,

Figure S8 Schematic diagram (up) and SEM image (down) of cracks on AgNW mesh by
stretching. Cracks on the AgNW networks of PI/TPU/AgNW-500 appeared by stretching, but
AgNW still composed interconnected mesh structure. However, less AgNW cannot maintain
the integrated AgNW mesh of PI/TPU/AgNW-25 when stretching, caused to electrical

resistance dramatically increase.

Sparse network

Dense network

Figure S9 The mechanism of resistance stability of dense AgNW networks.
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Attached sample
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Figure S10 The digital image of the setup for the measurement of IR reflection performance.
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Figure S11 The emittance of PI/TPU/AgNW-500 on AgNW side and PI side.
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(a) (b) 100 °C
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Figure S12 Thermal images of PI/TPU/AgNW-25 with applying different current. (a) 0.05A;

(b) 0.13A; (c) 0.17A; (d) 0.35A.
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Figure S13 The schematic diagram of the thermal management device. (a) Two dual-sided
nonwovens containing different amounts of AgNWs (the top PI/TPU/AgNW-500 for reducing
emissivity and the bottom PI/TPU/AgNW-25 for heat compensation) were stacked as shown.
Two Cu tapes were used as the electrode, attaching to the AgNW networks of
PI/TPU/AgNW-25. (b) Well-stacked PI/TPU/AgNW-500 and PI/TPU/AgNW-25 were filtered
2mL TPU solution under a light vacuum to glue dual nonwovens together in case of
delamination. (c) The resulted thermal management device is with tightly bonded double

layers of PI/TPU/AgNW-500 and PI/TPU/AgNW-25 after drying.
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Supplementary tables:

Table S1 Electrical resistance of dual-sided nonwoven with different amount of AgNW

Used AgNW(17 g L")  Content of AgNW  Sheet resistance / Q

Sample
/pL /(g m?) sq”

. T . . .
PI 0 - 5.7x10°
PU/TPU 0 - 5.8x10°
PI/TPU/AgNW-1 1 0.017 4.9x10*
PI/TPU/AgNW-2.5 2.5 0.0425 4.8x10°
PI/TPU/AgNW-5 5 0.085 9.55x10*
PI/TPU/AgNW-10 10 0.17 2.54x10°
PI/TPU/AgNW-25 25 0.425 30.7
PI/TPU/AgNW-50 50 0.85 9.1
PI/TPU/AgNW-100 100 1.7 1.7
PI/TPU/AgNW-250 250 425 0.6
PI/TPU/AgNW-500 500 8.5 0.2

8
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Table S2. IR reflectance of the dual-sided nonwovens versus previous Ag coated textiles

Sample Material Reflectance ref
Laminated Nanofiber
Ag/cellulose/carbon nanotube 0.7 (2- 18 um) 1
Membrane
multifunctional E-textile Cotton/AgNW 0.59 (2 - 16 pm) 2
Metallic nanowire cloth Cotton/AgNW 0.4(2-15um) 3
Normal cloth Cotton 0.01(2-15um) 3
PI nonwoven PI 0.18 (2 -18 um) This work
PI/TPU/AgNW-500 PI/TPU/AgNW >0.8 (2-18 um) This work
9
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Table S3. The relevant parameters of PI nowoven, TPU solution and AgNW dispersion used for the

preparation of dual-sided membrane

Relevant parameter Value
Fiber diameter /um 0.30+0.07
Pore size / um 1.7
PI nonwoven Thickness /pum 48.0+2.5
Air permeability / mm s™ 20.3+0.5
Water contact angle / degree 140
Solvent THF
TPU solution Concentration / wt% 8
Used amount / mL 2
Diameter of AgNW / um 0.10+0.03
Length of AgNW /um 20-60
AgNW aqueous dispersion
Concentration of dispersion / g L' 17
Used amount / pLL X (See Table S1)
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