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Thermochromic hydrogel is a versatile smart material that can be used
in various applications. In this paper, we present a new concept of
smart windows to passively regulate light transmittance and reduce
energy consumption while functioning as an information display.
By incorporating passive solar regulation and active local control,
this window is devised through the multilayer assembly of tailored
poly(N-isopropylacrylamide) (PNIPAM) hydrogels and surface-modified
photonic crystal films. The modified surface tension of solvent
tunes the scattering center size of the hydrogel, and the addition
of the photothermal films (PT films) imparts a high near-infrared (NIR)
shielding and light-to-heat conversion, which is needed for low-
latitude smart window application. Together with high writing speed,
clarity, and repeatability for local writing. This new smart hydrogel
engineering can have broad applications, allowing more functionalities
in designing building fagades.

1. Introduction

Energy consumption in buildings is generally 40% in developed
countries, and windows are the least energy-efficient part.'”
Smart windows are one of the most active energy-saving
research interests in the last decade.”® Thermochromic
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New concepts

We introduce a new concept of smart bulk hydrogel panels with strong
near-infrared (NIR) shielding. The new designs are created through the
multilayer assembly of surface-modified photonic crystal photothermal
films and tailored poly(N-isopropylacrylamide) (PNIPAM) bulk hydrogels.
The NIR selective shielding of the former material, coupled with the
enhanced smart NIR modulation performance of the latter, imparts an
impressive shielding capability for NIR of nearly 99%. Unlike microgels,
bulk hydrogels possess mechanical integrity but enhancing their NIR
shielding capability remains challenging. Increasing the thickness or polymer
proportion is arguably the most effective approach to enhancing their NIR
shielding performance. However, unrestricted increase in polymer thickness
or proportion impacts the phase transition speed, potentially compromising
its “smart” attributes. Thanks to this technology, we demonstrate that bulk
PNIPAM panels can exhibit high NIR shielding capabilities while maintaining
smart modulation of visible light. Additionally, this newly engineered hydrogel
panel enables active local control, offering enhanced functionality in smart
information displays.

hydrogel panels with a passive solar regulation range (280-
2500 nm) have garnered interest as smart windows.’ "> Hydrogels
investigated the most for use in smart windows are bulk hydrogels
and microgels. The former is a highly polymeric crosslinked
network with water that gives a gelish characteristic.""** The
latter has a microsphere hydrogel size ranging from tens of
nanometers to several microns in water."*"” Bulk hydrogels have
the advantage of simple fabrication, but they exhibit the disad-
vantage of limited near-infrared (NIR, 780-2500 nm) shielding
capability, which could restrict their potential applications in low-
latitude smart windows.">'®*°

Thermal radiation within the NIR range constitutes above
50% of the total solar energy, thus the potential for reducing
energy consumption for cooling through the utilization of
thermochromic hydrogel panels possessing weak NIR shielding
is limited."®*®*" For microgels, the application of Mie scattering
theory to regulate their size is an effective strategy for increasing
NIR shielding up to 94%.'> However, the liquid state poses

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Design scheme for smart bulk hydrogel panels using (A) strong near-infrared shielding mode and (B) active local control mode.

potential leakage issues. For bulk hydrogels, increasing the
thickness or polymer proportion is arguably an effective
approach to enhance their NIR shielding performance,® accom-
panied by a compromised phase transition speed.

In this work, a novel approach was employed by combining
tailored poly(N-isopropylacrylamide) (PNIPAM) hydrogels with
surface-modified photonic crystal photothermal films (PT
films). This combination enables the development of smart
bulk hydrogel panels with strong NIR shielding properties;
these panels hold the promise of acting as smart windows to
reduce building energy consumption in low-latitude regions.
PT films exhibit robust selective NIR shielding, and tailored
PNIPAM hydrogels improve their capacity for smart NIR control
after solvent-assisted modification, resulting in a composite
panel smart window that achieves nearly 99% NIR shielding
(Scheme 1A). Moreover, the hydrogel panel designed here
can also function as a local writing platform using a NIR
laser pen (Scheme 1B). The photonic crystal structure® within
the PT films can be targeted to reflect NIR (e.g., Rgosonm,
98.2%), ensuring a high NIR photothermal conversion. In local
writing mode, the contrast of reflectivity for 550 nm (Rgss0nm)
between the local phase-transitioned area and the rest of the
window increased from 35.5 to 41.4% as compared with the
unmodified hydrogel panel. This innovative design offers valu-
able guidance for extending the applications of thermochromic
hydrogels in low-latitude smart windows that can potentially
work as smart information displays.

This journal is © The Royal Society of Chemistry 2025

2. Experimental section

2.1. Materials

N-Isopropylacrylamide (NIPAM, 98.0%) was purchased by Tokyo
Chemical Industry Co., Ltd. N,N-Methylenebisacrylamide (BIS,
98.5%) and ethanol (99.7%) were bought from Chengdu Kelon
Chemical Reagent Factory. 2,2-Diethoxyacetophenone (photo-
initiator, 98%) was supplied from Adamas. The NIR PT films
were bought from 3 M, Minnesota, USA.

2.2. Preparation of hydrogel panels for light management

The gel panels/molds were prepared as illustrated in Fig. S1
(ESIt). NIPAm (1 g), BIS (10 mg), and photoinitiator (7.5 pl)
were dissolved in a mixture (20 ml) of deionized water and
ethanol, where the molar content (volumes) of ethanol was 0%
(0 ml), 2% (1.2 ml), and 4% (2.4 ml), respectively. After 10 min
of nitrogen atmosphere, the sandwich structure (glass-solution-
PT film/glass) precursor was prepared using the casting
method. Finally, the sandwich structure bulk gel panel (glass-
gel-PT film/glass) was polymerized in a UV LED reactor
(Shengju Machinery Automation (Shanghai) Co., Ltd, China)
under 10% power (10 min, 20 °C) with nitrogen atmosphere.
Notably, the gels prepared by this strategy were bulk gels with
mechanical integrity (Fig. S2, ESIt). The gel panel without PT
film was prepared as a control using the same method. The
nomenclature of light management panels/molds (X-PT-Y) and
PT films (PT-Y) indicates the types of gels (X), the PT films (PT),
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and the different testing directions (Y) (Fig. S3, ESI{). “PNI-
PAM”, “TP-0.02”, and “TP-0.04" refer to pure PNIPAM gels,
modified PNIPAM gels with 2% ethanol, and modified PNIPAM
gels with 4% ethanol, respectively. “—0” and “—1” represent
different surfaces of the PT film, respectively. “—0” represents
the direction of the photonic crystal layer. “—1” represents the
direction of the photothermal coating.

% 2.3. Characterization
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3. Results and discussion

3.1. Strong NIR shielding mode for low-latitude smart
windows

Thermochromic bulk hydrogel panels based on poly(N-
isopropylacrylamide) (PNIPAM) experience transparent-to-
translucent transition at a low critical solution temperature
(LCST) of ~32 °C. However, when used as a smart window, the
regulatory effect on near-infrared light (NIR, 780-2500 nm) is
relatively subtle.”®>* A stronger NIR shielding capability is
needed to meet the demands of tropical climates. For this
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Fig. 1 The NIR shielding performance of the smart bulk hydrogel panel developed here. (A) Vis-NIR transmittance curves of the different panels.
(B) Transmittance curves of PNIPAM-PT and TP-0.04-PT smart panels in the 1100-1500 nm band. Scanning electron microscopy (SEM) images of
hydrogels and pore size distribution of (C) PNIPAM hydrogel (pristine PNIPAM) and (D) TP-0.04 hydrogel (co-solvent-modified PNIPAM with 4% ethanol)
at 60 °C. Schematic diagrams of scattering ((E) PNIPAM and (G) TP-0.04) and the Mie scattering behavior ((F) PNIPAM and (H) TP-0.04) of individual

scattering microspheres for 1250 nm light.
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purpose, the PT films and cosolvent-modified PNIPAM bulk
hydrogels are chosen. As shown in Fig. 1A, the composite mold
(glass-(PT)-glass mold) gains the capability to selectively shield
NIR after affixing the PT film to the glass mold (glass-glass
mold). The cosolvent-modified PNIPAM hydrogels enhance the
NIR shielding of the hydrogel panels (Fig. 1A), especially in the
1100-1500 nm range (Fig. 1B). As compared with pristine
PNIPAM-PT film composite hydrogel panel (PNIPAM-PT), the
transmittance of the cosolvent-modified PNIPAM with 4%
ethanol-PT film composite hydrogel panel (TP-0.04-PT) at
1250 nm dropped from ~12% to less than 5%. When the
ambient temperature surpassed the LCST, the NIR shielding
capability of TP-0.04-PT was ~99%.

The theoretical foundation for the enhanced NIR shielding
ability of the PNIPAM bulk gel using cosolvent lies in its phase
change mechanism and the Tate law.'""** The cosolvent has the

View Article Online
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ability to decrease the size of scattering microsphere droplets
after phase change (above the LCST). This is a phenomenon
that is discernible through the micropore size observed
in scanning electron microscopy (SEM) (Fig. 1C, D and
Fig. S4, ESIT).>® Compared with the pristine PNIPAM hydrogel,
the average micropore size of the cosolvent-modified PNIPAM
with 4% ethanol (TP-0.04) decreased from 2.15 to 0.48 pum.
Drawing from the Mie scattering theory, alterations in the size
of the scattering microsphere droplets significantly enhance
the capacity to shield against NIR (Fig. 1E-H).">*"*® The Mie
scattering response of single scattering microsphere droplets
under 1250 nm light was calculated and compared (Fig. 1F and
H). For the pristine PNIPAM hydrogel, the forward scattering
(0-90° and 270-360°) of individual microspheres is highly
pronounced, whereas backward scattering (90-270°) is not as
evident (Fig. 1F). Upon introducing the cosolvent, there is a
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Fig. 2 An exploration of the application of smart bulk hydrogel panels in smart windows. (A) Vis-NIR transmittance curves of TP-0.04-PT smart window
at different temperatures. (B) The photos of the TP-0.04-PT smart window before (about 25 °C) and after phase change (about 37 °C). (C) Schematic
diagram of the building model used in the simulation. Energy consumption of glass window, PNIPAM window, PNIPAM-PT window, and TP-0.04-PT
window in the climate condition of (D) Singapore and (E) Bangkok. (F) Annual energy consumption in Singapore and Bangkok. (G) Solar heat gain
coefficient (SHGC-values) and (H) thermal transmission coefficient (U-values) of different windows.

This journal is © The Royal Society of Chemistry 2025
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notable reduction in the forward scattering intensity, coupled
with a significant enhancement in backward scattering (Fig. 1H).
The improved backward scattering helps shield NIR at tempera-
tures above the LCST.

We propose a set of characteristics for an ideal low-latitude
building energy-saving smart window (Fig. S5, ESIt) that should
not allow penetration in the NIR range (780-2500 nm) to avoid
heating a room and having a high epwir (2.5-25 pm) to promote
radiative cooling.">**"*! Furthermore, the dynamic switching of
transmittance within the visible light (vis, 380-780 nm) range
can effectively cater to the requirements for visual transparency
during early morning and evening hours, while providing
privacy screening during the daytime.

The future prospects for TP-0.04-PT in the realm of
low-latitude smart windows appear promising (Fig. 2A). The
TP-0.04-PT hydrogel panel exhibits an optimal response
temperature of 28 °C, enabling modified devices to respond
promptly within the comfortable room temperature range (22-
28 °C). This smart hydrogel panel exhibits a shading capacity
of approximately 95% and 99% in the NIR range before
and after phase change, respectively, which blocks most of
the solar radiation energy from entering the room. Compared

View Article Online
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to previous studies, the TP-0.04-PT hydrogel panel also excels in
key performance areas (Fig. S6 and Table S3, ESIt). The infrared
emissivity (ewir) value is consistently maintained around 85%
and can continuously dissipate heat through radiative cooling
(Fig. S7, ESIt). This hydrogel panel has flexible switching within
the visible spectrum with high transparency at 25 °C and
superior privacy protection capabilities at 37 °C (Fig. 2B). The
TP-0.04-PT hydrogel panel exhibited stability when exposed
to temperature fluctuations. Specifically, its transmittance
remained stable after 400 cycles of exposure to high (37 °C)
and low (25 °C) temperatures (Fig. S8, ESIT).

Using EnergyPlus software and the same building model
(Fig. 2C and Table S1, ESIt), calculations were made to compare
the energy performance of different windows in the building.*?
Taking Singapore and Bangkok as examples - both of which
represent typical climates in low-latitude regions - the annual
energy consumption for the TP-0.04-PT smart window amounts
to 470 MJ m™ > and 548 MJ m ™2 respectively, which is 30.0%
and 28.7% lower than that of glass windows (Fig. 2D-F and
Table S2, ESIt). When compared to PNIPAM and PNIPAM-PT
windows, the TP-0.04-PT smart window also demonstrates a
substantial edge in energy-saving performance.
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Fig. 3 The active local control performance of the smart bulk hydrogel panel. (A) Scanning electron microscopy (SEM) of PT film. (B) X-ray spectroscopy
(EDS) of PT film from different testing directions. “—0" and “—1" represent different surfaces of the PT film, respectively. “—0" represents the direction
of the photonic crystal layer. “—1" represents the direction of the photothermal coating. (C) The structure schematic of PT film. (D) Comparison of glass-
PT-0 reflectance and glass-PT-1 reflectance. (E) and (F) The temperature change of glass-PT molds from different directions under 980 nm laser
(170.7 mW cm™2). (G) The response speed and clarity of different smart hydrogel panels to 980 nm laser (170.7 mW cm™3).
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To comprehensively evaluate the impact of the designed
smart windows on the energy consumption of buildings, we
compared the solar heat gain coefficient (SHGC-value) (Fig. 2G)
and thermal transmission coefficient (U-value) (Fig. 2H) of
different windows.>*** The SHGC value of the TP-0.04-PT smart
window decreases from 0.3 to 0.03 compared to the glass
window, proving it to be highly advantageous in reducing
indoor heat accumulation, decreasing air conditioning loads,
and enhancing overall energy efficiency. The U-values for glass
windows and TP-0.04-PT smart windows are found to be 5.9
and 5.8, respectively, indicating they have similar heat transfer
capabilities and insulation performance. The modified gel/PT
film composite hydrogel panel presents a promising solution as
an efficient and environmentally friendly smart window for
buildings, facilitating energy conservation.

3.2. Active local control mode for smart information display

The PT film is composed of a photonic crystal layer (scanning
electron microscopy (SEM) in Fig. 3A and Fig. S9, ESIt) and a
photothermal coating (X-ray spectroscopy (EDS) in Fig. 3B),
which provides a heat sourc.>® When the NIR light reaches the
PT film from the direction of the photothermal coating (PT-1)
(Fig. 3C), it is partially absorbed, while the unabsorbed light is
selectively reflected by the photonic crystal film, subsequently
experiencing multiple absorptions and heat generation
(Scheme 1B).>*®*” As a result, the reflectivity in the direction
of the photothermal layer (glass-PT-1) is reduced from 98.2% to
29.7% as compared to the reflectivity in the direction of the
photonic crystal layer (glass-PT-0) (Fig. 3D). The photothermal
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capabilities of the composite PT film glass molds (glass-PT) in
the direction of the photothermal coating (glass-PT-1) are
enhanced (Fig. 3E and F). Fig. S10 and S11 (ESI}) show that
the photothermal capacity can be increased from 0.01 °C s *
(glass) to 0.07 °C s~ ' (glass-PT-0) and 0.92 °C s~ (glass-PT-1),
once the PT film adheres to the bare glass.

Due to the lower LCST (Fig. S12, ESIt) and higher photo-
thermal efficiency (Fig. 3F), the TP-0.04-PT hydrogel panel
exhibits a significantly improved active local control speed in
response to the NIR laser (Fig. 3G). The appearance time for the
scattering patterns of the TP-0.04-PT hydrogel panel is reduced
to under 1 s, producing a milky white appearance with better
“contrast”. When the laser power is at 170.7 mW cm ™2, the
excitation times for the 980 nm laser are defined as = and 74,.
The former is the time at which the relative transmittance of
the panel in the visible range stabilizes (Fig. S13, ESIT), and the
latter is the time at which it decreases to 50%. The dynamic
switching rate of transmittance within the visible light spec-
trum of the TP-0.04-PT hydrogel panel accelerated significantly.
In contrast to the pristine PNIPAM-PT hydrogel panel, the t and
71/ of the TP-0.04-PT hydrogel panel reduced from 79.7 s and
16.8 s to 8.3 s and 1.8 s, respectively. In summary, the
composite hydrogel panel exhibited high response speed,
demonstrating its potential for smart information display.

In addition to response speed, increasing the contrast
difference between phase change and non-phase change
regions is important to enhance the clarity of the smart display.
Specifically, the difference in the reflectance (ARgss0nm) and
the contrast ratio (eqn (1)) of relative transmittance (CR)
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Fig. 4

(A) The reflectivity (37 °C) of the hydrogel panels (380-780 nm). (B) The relative transmittance (550 nm) of hydrogel panels at 5 s response

(980 nm laser, 170.7 mW cm™2). (C) The contrast ratio (CR) of various hydrogel panels was calculated from data from (B). (D) Digital photos of writing on
information-displaying smart windows (980 nm, 640.1 mW cm™2). (E) Comparison of writing clarity using the Brenner gradient (D(f)) and sharpness

difference (D(i)) of the hydrogel panels.
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between the phase-change and non-phase-change regions at
550 nm were used to evaluate the potential of hydrogel panels
for smart information displays; this was done considering that
the human eye is most sensitive to light at this wavelength.*®
The Rgssonm Of TP-0.04-PT hydrogel panel increased from
47.7% to 53.9% (Fig. 4A), and ARgssonm increased from
35.5% to 41.4% compared with unmodified hydrogel panel
(Fig. S15, ESIY). In response to laser excitation at 5 s (7s), as
compared with the PNIPAM-PT hydrogel panels, the CR of the
TP-0.04-PT hydrogel panels increased from 6.7% to 78.1%
(Fig. 4B and C), suggesting that the modified hydrogel panels
feature higher clarity for smart displays.

Ty — T,
Ty

CR =

x 100%, 6))]

where CR is the contrast ratio, indicating the imaging clarity. T,
and T; are the relative transmittance (550 nm) (Fig. S14, ESIt) of
0 s and ¢ s, respectively.

The smart hydrogel panels were explored for applications in
information displays (Fig. 4D and E). When the power density
of the NIR laser is set to 640.1 mW ¢cm ™2, instant writing can be
achieved quickly (1.5 s per Byte) and repeatedly on the TP-0.04-
PT hydrogel panel (Fig. 4D). In contrast, it is challenging to
obtain distinct writing marks on the PNIPAM-PT hydrogel
panel. Instant writing on the PNIPAM-PT hydrogel panel is
achieved by either increasing the writing power (PNIPAM-PT-
high, 853.5 mW cm ?) or slowing down the writing speed
(PNIPAM-PT-slow, 6.0 s per Byte). Nevertheless, continuous
laser heating might inflict significant damage to the PT films,
which could impede multiple writing attempts (Video S1, ESIt).

The clarity of instant writing (Fig. S16, ESIY) is described by
Brenner gradient (D(f)) (Fig. S17, ESIt) and the sharpness
difference between light and dark regions (D(7)) (Fig. S18, ESIT),
which represents the difference in the transition variation
between the two interfaces, and the difference in the average
gray value between the written and unwritten regions, respectively
(Fig. 4E).>'*° Compared with PNIPAM-PT-high (D(f) = 19.4
x 1000, D(i) = 62.2), the D( f) (33.7 x 1000) and D(i) (76.0) of TP-
0.04-PT-normal increase about 55% and 22%, respectively,
which is comparable to that of handwritten PowerPoint
(D(f) = 37.2 x 1000, D(i) = 75.3) using the same color back-
ground (Fig. S19, ESIt). Furthermore, due to the enhanced post-
phase transition reflectivity (Fig. 4A), the application potential
of the TP-0.04-PT hydrogel panels in smart projection is
enhanced (Fig. S20, ESIt). Distinct images in various patterns
(apples, flowers, and trees) can be formed at the center of the
100 x 100 mm” information-displaying TP-0.04-PT hydrogel
panels. We believe that these composite hydrogel panels hold
significant promise for applications in instant writing and
smart projection.

4. Conclusions

In this work, we successfully develop a bulk hydrogel panel by
meticulously integrating a specially designed hydrogel coupled
with composite photonic crystal PT film, which can address the

3150 | Mater. Horiz., 2025, 12, 3144-3151

View Article Online

Communication

two deficiencies of pristine hydrogel, i.e., its insufficient near-
infrared (NIR) shielding and active local control. The NIR
modulation capability of the former is enhanced through the
directional design based on Mie scattering theory, which syner-
gizes with the NIR selective shielding of the latter, resulting in a
NIR shielding value of 99% (780-2500 nm) for this hydrogel
panel. When used in smart windows, composite hydrogel panels
can reduce building energy consumption at low latitudes, e.g.,
annual energy consumption in Singapore and Bangkok has been
demonstrated to be potentially reduced by 30.0% and 28.7%,
respectively, compared with glass windows. The lower LCST of
tailored PNIPAM and the great photothermal efficiency of com-
posite film contribute to a sensitive NIR laser active local control
of modified bulk hydrogel panel, as well as improved contrast of
reflectivity at 550 nm (ARgssonm) between the local phase
transition area and the rest of the window, increasing the in
smart display clarity.

Data availability

Data pertaining to this work are presented in the main manu-
script and the ESL{ Additional relevant data are available from
the corresponding author upon reasonable request.
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