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ABSTRACT

Buildings are estimated to account for approximately 40% of worldwide energy consumption. Dynamic outgoing thermal
radiation modulation is an established technique for building thermal management, yet its performance is severely limited
by its intrinsic power regulation capability and weather conditions. Theoretically, evaporative cooling (EC) could potentially
offer one magnitude higher cooling power. However, the combined regulation of evaporation, outgoing thermal radiation,
and solar transmittance for all weather conditions has not been investigated. This paper prototyped a design of triple
evaporation/solar/thermal radiation regulative (TER) device which integrates an entangled smart hydrogel composite with
a low-E overcoating, achieving a near unity dynamic regulation for evaporation (AE,,,, 93.2%), coupled with moderate
solar and thermal radiation modulation. The reversible water retention/release mechanism of hydrogel was systematically
elucidated by density function theory calculation, small-angle neutron scattering, and ab initio molecular dynamics
calculations to understand the improved AE,, due to entanglement. In simulations of an actual-sized building
heating/cooling energy saving, this TER device displays a tripled annual heating/cooling energy saving compared with
dual solar/thermal radiation regulative design (979 MJ vs. 276 MJ). This advancement in heat-regulative devices offers

substantial potential for dynamic thermal management.
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1 Introduction

Reducing air-conditioning energy consumption in buildings is
imperative in developing a sustainable globe. For example, in the
building-densified regions, buildings consume 30% of the
electricity that is mainly used for air-conditioning [1]. Window
contributes to nearly 60% of energy losses due to their energy
inefficiencies [2, 3].

By radiating heat through outgoing thermal radiation to cold
outer space and reflecting sunlight to minimising heat gain, a
surface can be spontaneously cooled down which is highly
demanded in summer [4]. An ideal material should exhibit strong
modulation capability in both summer and winter. Current
material advancements offer potential solutions for dynamic
outgoing thermal radiation regulation based on thermal [5-9],
electrical [10-13], mechanical [14-16], and other stimuli [17, 18]
(Table S1 in the Electronic Supplementary Material (ESM)). Yet,
the existing state-of-the-art faces limitations due to low intrinsic
cooling power modulations and its effectiveness fluctuates with the
weather conditions. For example, in a cloudy condition, the

intrinsic cooling power for outgoing thermal radiation will
decrease significantly [19].

Evaporative cooling (EC) leverages water’s large latent heat
absorption during evaporation to provide cooling power [20-22].
EC has been investigated in personal heat management [23-27],
electronic temperature control [28-30], and building thermal
management [31-33] for cooling purposes due to its superior
cooling power than solely relying on outgoing thermal radiation
(theoretically up to 1000 W-m™ vs. 100 W-m?) [21, 34, 35] (Table
S2 in the ESM).

Therefore, the combined modulation of evaporation, thermal
radiation, and solar transmittance is expected to give a stronger
capability to manage the heat gain/heat loss across the building
envelope. Herein, we prototype a passive triple evaporation/solar/
thermal radiation regulative (TER) device, which autonomously
modulates its evaporation, outgoing thermal radiation, and solar
transmittance. This device integrates a thermal-responsive
hydrogel composite with a spray coated low-E overcoating to
adapt to different environmental temperatures passively. In winter,
cooling is suppressed by the entangled water within the polymeric
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matrix and exposed low-emission layer coupled with solar
transparency. During summer, the entangled hydrogel undergoes
phase separation, releasing water to the surface to give water
evaporation with near-unity infrared emissivity and solar blockage
due to the presence of free water and opacity. This tripled
modulation of evaporation, outgoing thermal radiation, and solar
transmittance results in a tripled annual heating/cooling energy
saving compared with the existing dual solar/thermal radiation
regulative design. The TER device's innovative design and
functionality present a conceptual advancement in the field of heat
modulation not limited to energy efficient buildings.

2 Design principle of TER smart device

The optimal water evaporation characteristics of TER device are
displayed in Fig. 1(a). An ideal TER device should be responsive
by enhancing water evaporation speed in summer and inhibiting
water evaporation in winter. In detail, in summer, the water
evaporation speed should be close to the theoretical maximum
defined by the free water; while in winter, the water evaporation
should be fully suppressed. To evaluate the efficacy of the TER, the
theoretical monthly heat gain/loss densities of an ideal TER device
and a dual solar/thermal radiation regulative device (marked as

A

“DSR”) were calculated in various climate conditions with distinct
seasons (detailed calculations in Supplementary Note 1). In the
cold winter and mild summer of Albuquerque (Fig. 1(b)), DSR
device offers a moderate heat loss of ~60 W-m™ in hot months due
to its intrinsically limited outgoing thermal radiation capability but
a promising heat gain of 953.1 W-m™ in cold months. In
comparison, the TER device shows a large heat loss of
767.2 W-m™ during hot months and a promising heat gain in cold
months. In the climates of Cairo (hot summer and mild winter,
Fig. S1(a) in the ESM) and Perth (mild summer and mild winter,
Fig. S1(b) in the ESM), TER device also shows promising hot
season heat loss and cold season heat gain. The theoretical
monthly heat gain/loss calculations demonstrate an enhanced year-
round thermal management capability of TER by additional
modulation of evaporation, coupled with conventional outgoing
thermal radiation and solar transmittance regulations. The two
major cooling components, outgoing thermal radiation (Ppadpand)
and evaporation (Py,,,) of the devices for summer and winter are
specifically analysed (Fig.1(c)). In summer, the TER device
achieves high Pyugpanan and Ppy,yy due to strong thermal
radiation and evaporation. In winter, its Ppoadqpands drops
significantly to ~30 W-m?, while its Py, decreases to zero. These
notable seasonal power density differences showcase the TER

Figure1 Theoretical design and scheme of TER smart device. (a) Concept of the ideal evaporation behaviour for energy saving TER device. The purple and yellow
lines represent the ideal water evaporation speed for a TER device in winter and summer. A TER device should suppress its water evaporation in winter and promote
its water evaporation in summer. (b) Theoretical monthly heat gain/loss calculation for TER device and DSR device. The unit of power density is W-m™ regarding the
device area. (c) Theoretical seasonal outgoing thermal radiation power (Ppqbana) @nd evaporation power (Pgy,,) for TER and DSR, respectively. The power density of
outgoing thermal radiation is not adjusted by atmospheric radiation. (d) Scheme of TER smart device at low and high temperatures.
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device’s robust thermal modulation ability to different seasons,
which largely surpasses the dual solar/thermal radiation regulative
design.

Guided by theoretical calculation, we prototyped TER smart
device which involves thermal-responsive poly(N-isopropylacry-
lamide) (PNIPAm)-hydroxypropyl cellulose (HPC) entangled
hydrogel and a spray-coated low-E overcoating that consists of
Ti,C;T, MXene, silver nanowire (AgNWs), or copper nanowire
(CuNWs) (Fig. 1(d)). The smart composite hydrogel is a key
component of water evaporation regulation and solar modulation.
At low temperatures, the hydrogel polymeric chain retains water
molecules through hydrogen bonding effectively, facilitated by the
HPC nanofiber entanglement in the composite, allowing for high
solar transmittance (0.36-2.5 um, T,,;) and minimal water
evaporation. Spray-coated low-E layer exposed on the surface
minimises the outgoing thermal radiation. As ambient
temperatures rise, the hydrogel reaches its lower critical solution
temperature (LCST) and prompts a structural and hydrophilicity/
hydrophobicity change: It expels water through the entangled
polymeric chain and the spaces between spray-coated low-E
material clusters, leading to increased water evaporation and
decreased T, which in turn prevents solar heating and enhances
cooling. Meanwhile, the water-covered TER device surface has a
near-unity broadband IR emissivity (2.5-20 pm, &paqpang)- Lhe
interplay between the hydrogel's capacity for water retention and
release, combined with the low-E overcoating’s thermal properties,
realizes the triple regulation of water evaporation, outgoing
thermal radiation, and solar transmittance autonomously in
response to environmental temperature fluctuations passively.

3 Characterization of smart entangled hydrogel
and MXene low- E coating

Figure 2(a) illustrates the photos of commonly used EC hydrogel
polyacrylamide (PAAm) [20,28] and our smart PNIPAm-HPC
entangled hydrogel at different temperatures. At 25 °C, both
hydrogels display promising transparency and allow clear views of
the background image. When the temperature reaches above the
PNIPAm-HPC entangled hydrogel's LCST (30 °C, Fig.S2 in the
ESM), the entangled hydrogel becomes opaque while the PAAm
remains transparent. The temperature-dependent optical
properties of PAAm, PNIPAm, PNIPAm-HPC and PAAm-HPC
were measured (Fig. S3 in the ESM). Different from PNIPAm and
PNIPAm-HPC hydrogels, the PAAm and PAAm-HPC hydrogels
are not responsive to temperature change.

The water evaporation performances of PNIPAm-HPC,
PNIPAm, and conventional EC PAAm hydrogel were evaluated
with the evaporation weight loss rate at different temperatures
with the weight loss rate of free water as a comparison (Fig. 2(b),
left). The smart PNIPAm-HPC and PNIPAm exhibit heightened
evaporation rates increasing (0.05 kgm>h"°C" from 30-60 °C)
when the temperature exceeds 30 °C, while PAAm demonstrates a
low temperature-sensitivity (0.02 kg-m™>h*°C"). Below LCST
(Fig.2(b), right, shaded in blue), PNIPAm-HPC entangled
hydrogel exhibits more than 60% reduction in evaporation weight
loss (0.06 kg:m™h™) compared to free water (0.20 kg:-m™h™); and
it is the minimal in three samples (0.07 kgm>h" for PNIPAm
and 0.08 kgm™h"' for PAAm at 25 °C, respectively). The
relationship between HPC concentration and water evaporation
speed in the entangled hydrogel, and the evaporation behaviour of
the entangled hydrogel at low temperature are discussed in
Supplementary Note 2 and Figs. S7 and S8 in the ESM, showing

) S E—

that with increasing HPC concentration, the evaporation rate
decreases below LCST. Above the LCST, due to the
hydrophilicity/hydrophobicity change of PNIPAm, a layer of free
water is expelled from the hydrogel matrix and covers the
hydrogel [36], and the evaporation rates across the sample with
different HPC concentrations become similar. At low
temperature, PNIPAm-HPC entangled hydrogel showed a lower
evaporation weight loss than both free water and PAAm. A new
performance index of evaporation rate modulation ability (AE,,,)
is defined as the difference of evaporation rate between high and
low temperature, normalized by the ideal case (Fig. 1(a), details in
supplementary information “Materials and Method” session; ideal
case is defined as zero evaporation at low temperature and same
evaporation rate as free water at high temperature). The HPC
entanglement further enhances the AEvap of smart hydrogel from
89.7% to 93.2%, which is more than doubled compared with the
conventional EC PAAm (41.0%). The temperature-responsive
water-releasing behaviour of PNIPAm-HPC entangled hydrogel is
demonstrated in Fig. 2(c). At 25 °C, the water (stained in red for
visualization) is well dispersed in the hydrogel. As the temperature
rises across the LCST, the entangled hydrogel undergoes a
significant volume contraction and free water is expelled to the
surface, indicating the hydrogel's responsiveness to temperature
and its phase separation. The SEM images of the entangled
hydrogel across the LCST further show its temperature-induced
morphological change (Fig. S9 in the ESM): At 25 °C, the polymer
fibres are thin and elongated. When the temperature is above the
LCST, the polymer fibres aggregate and the polymeric network
collapses.

Density functional theory (DFT) simulation was used to
understand the principle behind the HPC entanglement effects on
the evaporation rate of the composite below its LCST
(Supplementary Note 3 in the ESM). The charge density
differences and their correlated Bader charge distributions were
calculated for the DFT-optimized molecular structure (Fig.2(d)
and Fig. S10 in the ESM). The charge density changes due to the
interaction among molecules are qualitatively represented by a
light blue shade (representing a decrease in charge density) and a
yellow shade (representing an increase in charge density), while
Bader charge calculations quantify the charge changes that
occurred in the systems. In the PNIPAm-water-HPC interaction
scenario (Fig. 2(d), left), due to the introduction and entanglement
of HPC, the electronegativities for two H and one O atoms in
water are 0.64, 0.59, and -1.23, respectively. In contrast, for the
PNIPAm-water interaction (Fig. 2(d), right), the electronegativities
for two H and one O atoms in water are 0.60, 0.59, and -1.20,
respectively. It can be noticed that the introduction of HPC alters
the electronegativity of one of the H atoms in water from 0.60 to
0.64, which will strengthen the bonding between water and
PNIPAm chains below the LCST. The binding energy simulations
(Fig. 2(e)) for the two scenarios align with the Bader charge
analysis. The PNIPAm-water-HPC system has a lower binding
energy (-1 eV) compared with the interactions of PNIPAm-water
(=024 V). As the strong intermolecular attraction between water
molecules and HPC could restrain water within the hydrogel
below LCST [37,38], HPC entanglement lowers the evaporation
rate compared with pure PNIPAm (Fig. 2(b), right).

The structural difference between PNIPAm and PNIPAm-HPC
entangled hydrogel, and their principle of temperature-responsive
water-releasing behaviour were investigated and understood
through temperature-dependent small-angle neutron scattering
(SANS, Fig. 2(f), Supplementary Note 4 in the ESM). The freeze-
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Figure2 Characterization of smart hydrogel and MXene coatings. (a) Photos of PAAm and PNIPAm-HPC entangled hydrogel below and above LCST. (b) Left:
Weight loss rates of PNIPAm, PNIPAm-HPC, and PAAm at variable temperatures from 25 to 60 °C. The red dashed line indicates the weight loss rate of free water.
The blue shadow indicates the temperature range below the LCST. The yellow shadow indicates the temperature range above LCST. The dashed box represents the 25
to 30 °C region to be zoomed in. Right: Zoomed-in chart for weight losses of PNIPAm, PNIPAm-HPC, and PAAm at 25 to 30 °C. (c) Photos of red colour-stained
water distribution in the entangled hydrogel below and above LCST. (d) Charge density difference and Bader charge distribution in the DFT-optimized molecular
structures for left: PNIPAM-H,0-HPC interaction and right: PNIPAm-H,O interaction. Oxygen, carbon, and hydrogen atoms are represented with red, brown, and
white beads, respectively. Light blue and yellow shades in the charge density represent the loss and gain of electrons, respectively. The isosurface is set as 0.001 e/Bohr’.
(e) The simulated binding energy for interactions among PNIPAm-water-HPC and PNIPAm-water. (f) Temperature dependence SANS profiles for PNIPAm
hydrogel and PNIPAm-HPC entangled hydrogel at 20 and 60 °C, respectively. The dashed box represents the low-q region used to analysis exponent « factor of
PNIPAm-HPC entangled hydrogel. The dashed line highlights the intensity plateau presence in PNIPAm-HPC SANS profile at 20 °C. (g) Exponent « of PNIPAm-
HPC at 20 and 60 °C and the hydrogel microgel structure with different exponent « factor, respectively. (h) The evolution of the PNIPAM-H,0-HPC system
undergoing relaxation below LCST (275 K, left) and above LCST (325 K, right), respectively. Water molecules are coloured purple and circled to indicate their motion.
Oxygen, carbon, nitrogen, and hydrogen atoms are represented with red, brown, light blue, and light brown beads, respectively. (i) Emissivity curve of prepared MXene
thin film. Inset: IR photo of MXene thin film. The surrounding yellow region is the background with an &g;oguang Of 0.95.

dried hydrogels were dispersed into deuterium oxide (D,O, heavy PNIPAm-HPC. The intensity plateau indicates that heavy water is
water), respectively, to form 5 wt.% PNIPAm and PNIPAm-HPC well dispersed in the polymer matrix of the hydrogel [39].
solutions. Both PNIPAm and PNIPAm-HPC showed distinct Meanwhile, for the PNIPAm-HPC SANS profile above the LCST
structural changes across the LCST. In particular, below the LCST at 60 °C, the disappearance of the intensity plateau and the
at 20 °C, the scattered intensity I(g) plateau in the scattering vector additional strong scattering for the low-q region (0.0045-0.015 A",
g range of 0.02-0.07 A" is observed in the SANS profile of highlighted by the dashed box) indicate the phase separation.
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Meanwhile, although PNIPAm shows similar phase separation
behaviour to PNIPAm-HPC entangled hydrogel, the low-q region
curve upturn observed in the PNIPAm-HPC entangled hydrogel
indicates a stronger structural inhomogeneity [40, 41], which may
be due to the high density of entanglement in the hydrogel [42].

Moreover, the low-q region in PNIPAm-HPC SANS profiles
was fitted by a decreasing power law I(q)-g. While the exponent
factor a for PNIPAm-HPC at 20 and 60 °C was analysed as an
indication of the surface condition of the hydrogel particles [43]
(Fig. 2(g)). At 20 °C, the exponent factor « of hydrogel particles is
~2, which indicates that the polymer branches of hydrogel extend
freely. With the temperature increases across the LCST, a of
PNIPAm-HPC hydrogel particles increases to ~3. The increase of
the exponent factor « reflects that the hydrogel particle is
deswelling, its polymer chains experience collapsing and
aggregation, and the phase separation between heavy water and
polymer matrix happens. Moreover, we conducted ab initio
molecular dynamics (MD) simulations for the PNIPAm-water-
HPC primitive cells of the relaxed system under the constant
temperature and volume (NVT) ensemble across LCST (Fig. 2(h)),
respectively. Below the LCST at 275 K, atoms oscillate around
their equilibrium positions, with the water molecule (circled in
red) tightly bound to the system via hydrogen bonds (Fig. 2(h),
left). Above the LCST at 325 K, with a 20% reduction of distance
between the two ends of the chain, the polymer chains in the
system shrink, and the water molecule is detached from the chain
as indicated by the arrow in the figure (Fig. 2(h), right).

Through investigating the relationship between the layers of
MXene coating and &g, qhana (Supplementary Note 5 in the ESM),
the MXene thin film with 30 layers of coating was chosen for the
fabrication of TER due to its lowest €p,0uqpana and acceptable T,
The MXene thin film's emissivity curve from 2.5 to 20 um
(Fig. 2(i)) reveals a low &poaqpang Of 0.31, as visually corroborated by
its homogenous purple hue against the bright yellow coloured
high-E background (epagpang: 0-95) in the IR camera image.

4 Performance evaluation of TER smart device

Figure 3(a) presents the UV-Vis-NIR spectra of the fabricated
MXene-TER device prototype at 25 and 40 °C, respectively. The
prototype shows a promising AT, of 17.1% due highly suppressed
solar transmission at 40 °C, while still giving close to 20% Ty, at
25 °C. TER device’s emissivity curve from 25 to 20 pm
demonstrates a significant increase in €pugpng With rising
temperature (Fig. 3(b)), giving a promising Aeg,,gpana Of 0.38. To
demonstrate TER’s outgoing thermal radiation regulation ability,
the inserted IR camera images were taken at 25 °C and 40 °C. At
25 °C, TER's lower-than-background emissivity indicates reduced
thermal radiation and a darker colour under the IR camera than
its surroundings. At 40 °C, the &g qang INCreases significantly to
near-unity, and the IR photo is brighter than the background. The
water evaporation properties of TER prototype were characterized
and compared with the primitive PNIPAm-HPC hydrogel
(Fig. 3(c)). At both 25°C (0.06 kg:m™h™ for both samples) and
60 °C (1.66 vs. 1.67 kgrm™h™"), the addition of MXene layers does
not affect the EC. TER device prototype maintains a large AE,,, of
93.2% across the LCST. The evaporation, outgoing thermal
radiation, and solar modulation abilities for TER, DSR smart
window, and evaporative cooler are summarized in Fig. 3(d).
Compared with the other designs, TER has outstanding
performances in the first reported AE,,, Aegoagbanss and AT .

To evaluate the energy saving capability of TER, the solar and
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thermal management tests in controlled environments were
conducted. In the hot environment test, TER, DSR window, and
EC cooler were installed on the test chamber, and a solar
simulator served as the light source. The ambient temperature was
24 °C. From the temperature curve, it can be observed that under
constant sunlight irradiation, DSR window showed the most
significant temperature increase and obtained a final temperature
of 55.2 °C (Fig.3(e)). In the meantime, the chamber with TER
achieved the lowest temperature among the three samples at
276 °C. The hot environment solar/thermal management test
shows that the TER possesses strong evaporation, strong outgoing
thermal radiation, and low solar transmittance, which has a
promising energy saving performance in a hot climate.
Meanwhile, the cold climate energy-saving performance of TER
was demonstrated by the solar and thermal management tests in
the cold environment with an ambient temperature of 6.0 °C and
a simulated sunlight source. Compared with the EC cooler
without solar and thermal radiation regulation ability, TER
showed a higher temperature (7.6 vs. 6.9 °C). These solar and
thermal management tests show the promising energy-saving
capability of TER. By combining the highly efficient hot
environment indoor reduction (12.7 °C vs. the control) and
promising cold environment warm keeping (1.6 °C higher than
the ambient), TER showed good thermal management potential in
both hot and cold environments. The outdoor field test for TER
was conducted in Hong Kong with the DSR window and EC
cooler as the benchmarks (Fig.3(f), Fig.S15 in the ESM).
Compared with the DSR window (52.3 °C) and EC cooler
(43.8 °C), TER showed the lowest average temperature (39.6 °C)
throughout the test (Fig. 3(g)). The outdoor test demonstrates the
promising energy-saving performance of TER in the real-world
application.

To further quantify the thermal management performance of
the TER smart device, simulations of an actual-sized building
heating/cooling ~ energy =~ consumption  were  conducted
(Supplementary Note 6 in the ESM). The TER device was
employed as a skylight. To simulate the application scenario in a
region with distinct seasons, the climate data of Albuquerque,
NM, US; Cairo, Egypt; Perth, WA, Australia [44] were applied. To
comprehensively evaluate the TER smart device’s energy
efficiency, the performance of a DSR smart window [6] and a non-
smart PAAm evaporative cooler were calculated as comparisons,
with clear glass as the baseline. Figure 4(a) illustrates the energy
saving performance of the TER smart skylight in different cities,
which achieves the highest savings in annual heating and cooling
energy compared with the DSR window and sole evaporative
cooler. The TER smart skylight’s ability to dynamically adjust to
seasonal changes allows it to outperform the state of the art.

Moreover, Fig.4(b) highlights the TER’s promising power
density regulation capabilities by showing ~80% seasonal
modulation of evaporation power density (APyg,,), 12.0% seasonal
modulation of outgoing thermal radiation (APgpq,qpang)> and 12.8%
seasonal power density modulation of transmitted sunlight
(AP guniigh)- Meanwhile, the DSR window, while effective in
APpyr (23.2%), does not offer effective transmitted sunlight and
evaporation control (3.6% for AP, g and 0.0% for APy).
Lastly, the evaporative cooler with no modulation functionality in
evaporation, thermal radiation, and transmitted sunlight, is the
least effective in achieving energy savings among the three
candidates. The near-ideal evaporation regulation ability coupled
with a moderate solar/thermal radiation regulation ability allows
the TER device to effectively meet both summer cooling and
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Figure3 Performance evaluation and experimental validation for MXene-TER smart device. (a) UV-Vis-NIR spectra of TER device below and above LCST. The
shadow in the background represents the AM 1.5 solar radiation spectrum. Inset: Photo of TER prototype across the LCST. (b) Emissivity curves of TER device across
LCST below and above LCST. The shadow in the background represents the atmospheric transparency. Inset: IR photos of the TER device below and above the LCST.
The samples are enclosed by dashed circles. The surrounding region is the background with an &gq,gang Of 0.95. (c) Weight loss rates of PNIPAm-HPC and TER for
the temperature below and above LCST. (d) Evaporation, outgoing thermal radiation, and solar modulation abilities summary for TER, DSR smart window [6], and
evaporative cooler. The DSR smart window does not possess evaporation modulation abilities. The evaporative cooler does not possess outgoing thermal radiation and
solar modulation abilities. (e) Temperature curves for TER, DSR window, and EC cooler in the solar and thermal management tests in the hot (solid line) and cold
(dashed line) environment. (f) Photo of outdoors field test setup. The samples in the photo: left: TER; middle: EC cooler; right: DSR window. (g) Temperature curve in
the field test for TER, EC cooler, and DSR window during the outdoor field test. The error bars for the temperature reading in (e) and (g) are +0.5 °C due to the system

error of the thermometer.

winter heating demands, making it highly suitable for climates like
Albuquerque with significant seasonal variations.

The durability of TER was evaluated through a heating/cooling
cycle test. The key performance indices, including visible
transmittance (represented by transmittance @ 650 nm, Fig. 4(c)),
emissivity (Fig. 4(d)), and weight loss rate (Fig. S16 in the ESM)
were employed to assess the performance deterioration
accompanied by the heating/cooling cycle. After 100 heating/
cooling cycles, the three key performance indices showed less than
10% performance deterioration. The observations indicate that the
TER has promising cyclability. To improve the applicability of
TER for the real-world application scenario, a TER prototype with
a water self-replenishment function was fabricated (Fig. 4(e)). The
self-water replenish prototype consists of the hydrogel, a
perforated holder, and the surrounding water reservoir made from
the sponge (Fig. 4(f)). When the hydrogel is drying due to water
evaporation, water will flow from the reservoir to the hydrogel
through the perforated hole and keep the hydrogel moist. In order

{27 mm | Sci@pen

to visualise the water replenishment function of the design, an 18-
hour water evaporation test was conducted (Fig. 4(g)). Compared
with the control without the self-replenishment function, the
hydrogel in the prototype shows a 24.3% less weight loss in a hot
and dry environment (30 °C and 65%RH) due to the water
replenishment from the reservoir. The water evaporation test
demonstrates the efficacy of the self-replenishment design.

To demonstrate the applicability of the TER design, the TER
with AgNWs and CuNWs as low-E overcoating was fabricated
(Fig. 4(h)). The AgNWs-TER and CuNWSs-TER demonstrate
promising modulation abilities for evaporation, outgoing thermal,
and solar transmittance (Table S7 in the ESM). Based on their
optical properties and cost, MXene-TER, AgNWs-TER, and
CuNWSs-TER are suitable for different application scenarios.
AgNWs-TER has the highest Ty, and is desired for applications
requiring high daylight luminance and transparency, such as
skylight. On the other hand, due to the best A¢g ouqpang among the
three designs, MXene-TER is suitable for the application required
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Figure4 Energy simulation and applicability evaluation for TER smart device. (a) Annual heating/cooling energy saving simulation for TER, DSR smart window, and
evaporative cooler in Albuquerque, Cairo, Perth, and Athens. The clear glass was selected as the baseline. (b) Seasonal power modulation abilities for TER, DSR smart
window, and evaporative cooler in Albuquerque. The evaporative cooler does not possess seasonal power modulation abilities. (c) Transmittance @650nm below and
above in the repeated heating/cooling cycle test. (d) Emissivity value across the LSCT in the repeated heating/cooling cycle test. (¢) Photo of self-water replenish setup
for TER. The water reservoir was covered by aluminium foil to minimise water evaporation. The TER sample is at the center of the setup. (f) Structural scheme of the
self-water replenish setup. The water reservoir (the sponge) was cut in half to show the perforated hole on the holder. (g) Weight loss curve for the self-replenish setup
and the control in the 18-hour water evaporation test. (h) Photos of AgNWs-TER and CuNWs-TER below and above the LCST, respectively. (i) Photos of large-scale

(13 cmx13 cm) AgNWs-TER sample below and above the LCST.

high energy-saving. Lastly, as the CuNWs-TER has the lowest
cost, it is preferred by large-scale, cost-sensitive applications. A 13
cmx13 cm AgNWs-TER sample was prepared to show the
scalability of TER (Fig. 4(i)). The large-sized AgNWs-TER sample
shows promising uniformity. When the ambient temperature is
below the LCST, the large-sized sample shows promising
transmittance. On the other hand, when the temperature is above
the LCST, the large-sized sample becomes blocked.

5 Conclusion

In this paper, we reported a passive triple evaporation/solar/
thermal radiation regulative (TER) device as the first instance to
integrate evaporation, outgoing thermal radiation, and solar
regulation in the pursuit of sustainable material for energy saving
for all weather. Compared with the conventional dual
solar/thermal radiation regulative design with limited thermal
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management capability, TER leverages the dynamic regulation of
evaporation, outgoing thermal, and solar transmittance to provide
enhanced modulation. The TER prototype possesses a near unity
evaporation modulation (93.2%) with moderate and outgoing
thermal radiation and solar regulation abilities (38% and 17.1% for
LWIR emissivity and solar, respectively). In the simulations of
actual-sized building heating/cooling energy saving, the TER
boasts an impressive annual heating/cooling energy saving of
979 MyJ, which is more than triple that of the dual solar/thermal
radiation regulative (DSR) design. TER sets a new strategy for heat
management design, and its promising performance in year-
round thermal management highlights its potential, not limited to
energy-efficient buildings.

6 Materials and methods

6.1 Materials

N-isopropylacrylamine ~ (NIPAm,  98%,  Sigma-Aldrich),
hydroxypropyl cellulose (HPC, M,=100,000, Aladdin), N,N-
methylenebis(acrylamide) (BIS, crosslinker, 99%, Sigma-Aldrich),
N,N,N,N-tetramethylethylenediamine (TEMED, accelerator, 99%,
Sigma-Aldrich), ammonium peroxydisulfate (APS, initiator, 98%,
Sigma-Aldrich), Ti,C;T, (MXene, Xinxi Technology), AgNWs
(20 mg:mL", dispersed in ethanol, XFNano), CaNWs (10 mg-mL",
dispersed in water, XFNano) Deuterium Oxide (D,O, Aladdin)
were used without further purification.

6.2 Preparation of HPC-PNIPAm composite hydrogel

1.13 g NIPAm, 16 mg BIS and variable amounts of HPC (0, 0.5,
and 1 g for 0%, 5%, and 10% samples, respectively) were dissolved
into 10 mL DI water at room temperature. The mixture was
stirred at 1500 rpm for 30 min to obtain a homogeneous solution.
Then, 60 uL 10 wt.% APS solution and 27 uL TEMED were added
to the solution. The solution was stirred for 3 min at 1500 rpm.
Finally, the prepared solution was poured into a mould. The
mould and the solution were then put at 4 °C for 8 hours to obtain
the final composite hydrogel.

6.3 Preparation of MXene-coated hydrogel for TER smart
device

The purchased MXene was dispersed into DI water to form the
MXene suspension with a concentration of 5 wt%. The
suspension was then ultrasonicated in an ice water bath for 30 min
to ensure a good dispersion. The hydrogel was transferred into a
perforated holder for constant water supply. After ultrasonication,
the suspension was spray coated onto the surface of hydrogel with
a hand-held spray gun (Eidolon JP 10, spray pressure: 30 PSI,
nozzle size: 0.3 mm). The spray coating process was repeated
30 times with a coating time of 5 seconds for an individual spray.
After each spray, the material was left exposed in the air for
2.5 min for drying.

6.4 Characterisation

The UV-Vis-NIR spectra for the samples were measured with a
UV-Vis spectrometer system (AvaSpec-ULS2048L StarLine
Versatile Fiber-optic Spectrometer and AvaSpec-NIR256-2.5-HSC-
EVO, Avantes) with a heating/cooling stage (PE120, Linkam)
equipped. The luminous transmittance (T}, 360-780 nm), and
solar transmittance (T, 250-2500 nm) were calculated by [45]
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where T(A) is spectral transmittance, ¢,(A) is the standard
luminous efficiency function of photopic vision in the wavelength
range of 360-780 nm [46]. On the other hand, ¢(A) is the solar
irradiance spectrum for air mass 1.5 (corresponding to the sun
standing 37° above the horizon with 1.5-atmosphere thickness,
which corresponds to a solar zenith angle of 48.2°) [47].

The modulation ability AT was calculated by

AT‘lum/so] = ’T]um/so].cold - Tlum/sol.hol (2)

The emissivity curves of the samples were plotted based on
Kirchhoff’s law of thermal radiation: ¢(A) = A(A) = 1-T(A)-R(A)
[48]. R(A) and T(A) are the spectral reflectance and the spectral
transmittance that was measured by an FTIR spectrometer
(Perkin Elmer Frontier) with an integration sphere and a self-
designed heating stage attached. The integrated broadband
eMiSSIVItY €pradpang Was calculated by [48]

[ Iy (T, 1) (T, A)dA

2.5 um

& roadband — m
proadhond [ Loy (T, 1) dA

2.5um

(3)

where Igp(T, A) is the spectral intensity emitted by a blackbody at
temperature T and &(T, A) is the surface’s spectral hemispherical
thermal emittance for the wavelength of 2.5-20 pm.

The water evaporation rates of the samples were measured in
an environment with variable sample temperature and a constant
relative humidity of 60%. The real-time weight change (Am) of the
samples was recorded by an electronic balance every 10 minutes
for a continuous 60 minutes [49]. The water evaporation rate r is
calculated by

Am
r=—
60

(4)

The evaporation rate modulation ability AE,,, is calculated by

_ T 100% (5)

THideal — T'Lideal

AE,,, =

where ry; is the evaporation rate at 60 °C, and r; is the evaporation
rate at 25 °C. fyy;4¢q 1S the theoretical evaporation rate of water at
60 °C. While 7 4.4 equals to 0 to represent the full inhibition of
water evaporation below the LCST.

The theoretical evaporation rate of water is calculated by

r=0(x—x) (6)

where 6 is the evaporation coefficient, which equals to 25+19v. v is
the velocity of wind above the water surface. In the lab condition,
v is considered as 0. Xg is the maximum humidity ratio of
saturated air. While y is the humidity ratio of ambient air.

SANS data were collected at the China Spallation Neutron
Source (CSNS) using the BLO1 beamline. The cold neutron flux
had a wavelength range of 1-10 A, and the g-range extended from
0.005 to 0.6 A, The resolution at g,,;, was approximately 35%.
Data reduction included corrections for dark scattering using a
boron nitride sheet at the sample position, cell scattering, D,0O
scattering, and transmission. Standard software programs were
used for data reduction. The contribution of the incoherent
scattering due to hydrogen was also corrected by assuming the
additivity of the incoherent scattering between PNIPAm-HPC and
D,0. The PNIPAm-HPC microgel particles were prepared by
dispersing freeze-dried hydrogel in D,O, the concentration of
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microgel solution was 5 wt.%. All samples were contained in 2-
mm path length Hellma quartz cells, which were allowed to
stabilise in the instrument's temperature-controlled chamber for
15 min prior to measurement.

The seasonal evaporation power density modulation ability
APy, is calculated by

P, vap- — P, vap-
APy, = __BapH "Bl 100% (7)

Pryip -t — PruapweL

where Py, 1 is the evaporation power density of the device in
summer and Py, is the evaporation power density of the device
in winter. Py, is the evaporation power density of water in
summer and Py, is the evaporation power density of water in
winter.

The seasonal outgoing thermal radiation power density
modulation ability APp,qanq is calculated by

PBmadband»H - PBmadband»L

APgrudband = x 100% (8)

PBmadband.Glass»H - PBmadband.Glass-L

where Pyo.qpana.n 1S the outgoing thermal radiation power density
of the device in summer and Py oqpanar i the outgoing thermal
radiation power density of the device in winter; Py o,dband Glasstt 1
the outgoing thermal radiation power density of clear glass in
summer and Pp,gpandcrss 1S the outgoing thermal radiation
power density of clear glass in winter.

The seasonal power density modulation ability for transmitted
sunlight AP, o,igh 15 calculated by

Pil1.>unlighl—H - Pin,,sunlighl—L

APy, suniiont = x 100% (9)

Pin.sun]ighl,Glass—H - Pin,sunlighl.Glass—L

where Py, gighs 18 the transmitted sunlight power density of the
device in summer and P, gyyjghe1, i the transmitted sunlight power
density of the device in winter; Py, quightGrsst1 1S the transmitted
sunlight power density of clear glass in summer and Py, gunight Glass 1
is the transmitted sunlight power density of clear glass in winter.
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