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Abstract

Enhancing indoor visual comfort is crucial for the practical deployment of thermochromic smart windows. However, their application is often
hindered by the low visible light transmittance (T,,,,) in the activated state. In this study, we propose a thermally and optically
dual-responsive smart window that improves both building energy efficiency and T, in the activated state. The design is based on a
polyacrylamide (PAm)/poly(N-isopropylacrylamide) (PNIPAm)/indium tin oxide (ITO) composite film (PPI). Within this structure, PAm provides
a hydrophilic matrix, PNIPAm microgels enable thermoresponsive optical modulation through reversible transmittance changes across the
response temperature, and ITO particles act as light-to-heat transducers due to their photothermal and infrared reflective properties.
Compared with the PNIPAm hydrogel film, the PPI composite film increases T, in the activated state from 9.7% to 50.0% and enhances
infrared modulation capability from 39.2% to 50.4%. Under an illumination intensity of 95 mW cm-2, the PPI composite film lowers the indoor
temperature of simulated buildings by up to 7 °C. This dual-responsive thermochromic window provides improved indoor visual comfort
along with effective temperature regulation, offering a promising strategy for advancing the practical use of smart windows.
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1. Introduction

Building energy consumption accounts for approximately 40% of global energy use, surpassing the combined consumption of the
industrial and transportation sectors. More than half of this energy is expended on heating, ventilation, and air conditioning
systems!'"Yl, Consequently, enhancing building energy efficiency has become an urgent priority, drawing increasing attention to the
development of smart thermal management materials>°.. Among these, thermochromic smart windows, particularly those based on
poly(N-isopropylacrylamide) (PNIPAm), have attracted significant interest because of their ability to regulate solar heat gain in
response to temperature fluctuations!”®l. For an ideal smart window, it is critical to achieve a substantial difference in solar energy
transmission at temperatures above and below the response temperature (T), thereby enabling effective solar energy modulation
(AT,,). At the same time, the window must maintain high visible light transmittance (380-780 nm) to ensure sufficient indoor
illumination>°l, However, achieving both high AT,, and high visible light transmittance (T,,,,) in the activated state remains a
considerable challenge.

Conventional PNIPAm-based systems often show a trade-off between these parameters, as increasing AT, usually leads to a
reduction in T,,;, which can compromise indoor visual comfort, a factor that directly affects occupant well-being and
productivityl!°2l, To address this issue, Fang et al. enhanced the infrared modulation capability (AT,z) and reduced visible light
blocking by tuning the size of PNIPAm/2-aminoethylmethacrylate hydrochloride microparticles, achieving an overall AT, of 81.3%['3.
Zhou et al. investigated the influence of PNIPAm film thickness on smart window performance and reported that thinner films
improve Ty, in the activated statel'’l. However, this approach also increases infrared transmittance (T,z), which diminishes overall
effectiveness. Yang et al. integrated antimony-doped tin oxide nanocrystals with different levels of fluorine doping into a
poly(N-isopropylacrylamide)-chitosan hydrogel, resulting in a prototype smart window with rapid photothermal response, high
visible light transmittance, and excellent near-infrared shielding performancel!'®l. Although these advances have considerably
improved PNIPAm-based smart window technologies, achieving a balance between high AT, and high Tj,,, in the activated state
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remains a significant challenge.

In this study, we introduce a dual-responsive polyacrylamide/PNIPAm/indium tin oxide (PPI) composite film, in which PNIPAm
microgels and indium tin oxide (ITO) particles are incorporated into a polyacrylamide (PAm) hydrogel matrix. This design achieves a
high Tlum in the activated state while simultaneously enhancing AT. As illustrated in Figure 1, ITO, a transparent conductive oxide,
exploits its infrared reflectance and photothermal properties to improve infrared modulation and provide light-responsive
functionality, even though its primary applications lie in other technological fields!'*"'8l. The PNIPAm microgels undergo reversible
transmittance changes across the T., enabling thermally driven optical modulation, whereas PAm serves as a hydrophilic and
mechanically stable framework. Consequently, the PPI composite film exhibits a balanced performance profile by combining high Ty,
in the activated state with enhanced AT, compared with conventional PNIPAm systems. Under an illumination intensity of
95 mW cm?, the composite film reduced the indoor temperature of simulated buildings by up to 7 °C. These results highlight a
practical strategy to overcome the AT,,-Ty,, trade-off and demonstrate the potential of PNIPAm-based smart windows for integration
into energy-efficient building systems.
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Figure 1. The working mechanism of the PPI composite film in this work. PPI: polyacrylamide/poly(N-isopropylacrylamide)/indium tin oxide.

2. Experimental Section

2.1 Materials

N-isopropylacrylamide (NIPAm, 98%), ammonium persulfate (APS, 99.99%) initiator, and acrylamide (Am, 99%) were purchased from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). N, N’-methylenebis(acrylamide) (BIS, 99%) crosslinker,
N, N, N’, N’-tetramethylethylenediamine (TEMED, 99%) catalyst, and sodium dodecyl sulfate (SDS, 98.5%) surfactant were obtained from
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Indium tin oxide (ITO, 50nm) particles were supplied by Suzhou
Youyan New Material Industry Co., Ltd. (Suzhou, China).

2.2 Synthesis of PNIPAm Microparticles

PNIPAm microparticles were synthesized via continuous feeding of NIPAm into the reaction vessel. Solution A was prepared by
dissolving 1g of NIPAm and 12mg of BIS in 15mL of deionized (DI) water, while Solution B was prepared by dissolving 7g of NIPAm and
168mg of BIS in 25mL of DI water. SDS and APS stock solutions were prepared at concentrations of 0.19M and 0.36M, respectively.
Subsequently, 5SmL of Solution A and 0.76mL of 0.19M SDS solution were added to 100mL of DI water in the reaction vessel, which was
heated to 80 °C under a nitrogen atmosphere and stirred at 700rpm. Polymerization was initiated by adding 0.76mL of 0.36M APS
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solution. After 1min, Solution B was introduced into the reaction vessel using a syringe pump at a constant feed rate of 200 yL min™*t.
The particle size of the resulting PNIPAm microparticles could be precisely controlled by adjusting the total feeding duration. Upon
completion, a stable dispersion of PNIPAm microparticles was obtained.

2.3 Preparation of PPI hydrogel film

The PAm-PNIPAm (P-P) composite film was prepared using the PNIPAm microparticle dispersion. Am (2g), BIS (6mg), and APS (10mg)
were dissolved in 10mL of the microparticle dispersion under continuous stirring in an ice-water bath until fully dissolved.
Subsequently, 50 puL of TEMED was added, followed by stirring for 1min. The resulting mixture was immediately poured into a glass
mold, with film thickness controlled by adjusting the spacing between the glass plates. The mold was left undisturbed for 24 h,
yielding composite hydrogel films of varying thicknesses. The PPI hydrogel film was prepared using the same procedure, with the
addition of ITO particles into the mixture during the ice-water bath stage.

2.4 Characterization

The crystal structure of the ITO particles was analyzed by XRD (SmartLab SE, Rigaku, Japan), and their morphology and particle size
were examined using SEM (SU8600, Hitachi, Japan). The T, of the hydrogel films was determined by differential scanning calorimetry
(DSC, Q20, TA Instruments, USA). FTIR spectra were acquired using a Nicolet 6700 spectrometer (Thermo Scientific, USA). The
photothermal properties of both the ITO particles and hydrogel films were evaluated using a photothermal heating system coupled
with infrared thermal imaging. The transmittance of the ITO particles and hydrogel films was measured with an in situ UV-Vis-NIR
spectrophotometer (Lambda 950, PerkinElmer, USA). Additionally, the size distribution of the hydrogel particles was analyzed by
dynamic light scattering (DLS, Zetasizer Nano ZS90, Malvern Instruments, UK), and their morphology was further examined using an
optical microscope (BX53, Olympus, Japan).

To evaluate the practical performance of the films, a full-spectrum solar simulator (Ultra-Vitalux, 300W, Osram, Germany) was
employed to replicate sunlight exposure. The distance between the lamp and the sample was fixed at 10cm, corresponding to an
illuminated area of 100 cm?. Based on the manufacturer’s irradiance specification at 0.5m and applying the inverse-square law, the
irradiance at the sample surface was calculated to be approximately 95mW cm2, effectively equivalent to 100mW cm™ (1 Sun). The
temperature inside a thermally insulated cubic chamber (10 x 10 x 10 cm?, open top) was monitored using a single-channel industrial
thermometer (DT1311) equipped with a TP-A200 probe. The chamber walls were constructed from 0.5cm-thick rigid melamine
insulation panels. The top cover was configured as either (i) two glass plates (15 x 15 x 0.5 cm?, glass/glass), or (ii) a
glass/hydrogel/glass composite cover of the same dimensions, incorporating a hydrogel layer measuring 10 x 10 cm? with a thickness
of 0.5mm. The temperature probe was positioned at the geometric center of the cavity. The device was considered “active” when the
internal temperature exceeded the PNIPAm phase-transition temperature (T¢ = 29 °C) and “inactive” otherwise. The reported
temperature reduction of 7 °C corresponds to the steady-state difference between the glass/glass control and the
glass/hydrogel/glass configuration under identical illumination and ambient conditions.

The integral luminous transmittance, Ty, (380-780 nm), IR transmittance, T,z (780-2,500 nm), and solar transmittance, T,
(220-2,500 nm) were calculated according to Eqn (1):

_ I (ﬂlum/ IR/ S()]()V)T(;L)d)L
Tlurn/lR/SOl - J. (plum/] R/sol(l)d}“ (1)

Where T(A) denotes the spectral transmittance, @;,n(A) is the standard luminous efficiency function for photopic vision in the
wavelength range 380-780 nm, and @ (A) and @.,(A) represent the infrared and solar irradiance spectra, respectively, for an air mass
of 1.5 (corresponding to the sun at 37° above the horizon, with a solar zenith angle of 48.2°). The relative changes in transmittance,
ATum/ir/sol WeTe calculated as follows:

AT /iR ss01 = Trum/iRfs0120°C ~ T lum/IRs0135°C )

3. Results and Discussion

3.1 The fabrication of the composite film

The fabrication process of the composite film is illustrated in Figure 2. ITO particles were introduced into the smart window design
with two objectives: (i) to significantly enhance ATz and (ii) to improve the switching speed of the film. The structural and
morphological characteristics of the ITO particles were first examined by X-ray diffraction (XRD) and scanning electron microscopy
(SEM), as shown in Figure S1.
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Figure 2. Characterization of ITO particles, PNIPAm microgels, and smart window films. (a) UV-vis spectrum of ITO particles; (b) Photothermal properties of ITO particles; (c)
Infrared thermography of films shown in (b); (d) Continuous feeding method for PNIPAm synthesis; (e) Microgel size distribution at different feeding times; (f) Fabrication

process of the smart window film. (g) FTIR spectrum of the hydrogel. ITO: indium tin oxide; PNIPAm: poly(N-isopropylacrylamide);FTIR: Fourier transform infrared
spectroscopy.

As depicted in Figure 2a,the particles exhibit strong absorption in the near-infrared region, which is primarily attributed to local
surface plasmon resonance induced by n-type doping!'*?l. The inset in Figure 2a schematically illustrates this mechanism. These
findings confirm the strong infrared absorption capability of the ITO particles. To evaluate their photothermal conversion
performance, ITO particles were embedded into PAm hydrogel films. As shown in Figure 2b, when exposed to an irradiation intensity
of 200 mW cm?, the temperature of the control film without ITO remained nearly unchanged, whereas the ITO-doped film exhibited a
pronounced increase. Although photothermal conversion efficiency () is a standard parameter for quantitatively assessing
photothermal materials, the present study emphasizes the dual-responsive switching behavior enabled by ITO incorporation. The
temperature evolution curves clearly demonstrate that doping with ITO particles leads to a rapid and substantial photothermal
response compared with the pure hydrogel. Infrared thermal images of the films after 200 s of illumination are provided in Figure 2c.

Subsequently, thermosensitive PNIPAm microgels were synthesized. A characteristic feature of temperature-responsive PNIPAm
hydrogels is that their optical scattering behavior is strongly influenced by particle size and internal structure. To ensure structural
uniformity, PNIPAm microgels were prepared using a continuous feeding method. The synthesis process is illustrated in Figure 2d,
where different feeding times were applied to control particle size. As shown in Figure 2e, particle size varied with feeding time,
confirming that this method can reliably produce microgels of different dimensions. Optical microscopy of the sample obtained after
90 min revealed that the microgels were uniformly spherical, with an average diameter of approximately 1,300 nm (Figure S2).

Finally, ITO particles and PNIPAm microgels were incorporated into the PAm hydrogel film to construct the PPI composite film. The
fabrication process is shown in Figure 2f. The chemical composition of the PAm-PNIPAm (P-P) hydrogel was verified by Fourier
transform infrared (FTIR) spectroscopy (Figure 2g)?!"?4l, confirming the successful synthesis of the targeted hydrogel. The integration
of ITO particles and PNIPAm microgels into the PAm matrix produced a dual-responsive composite film with both thermally and
optically driven modulation capabilities, thereby establishing the basis for subsequent performance evaluation.
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3.2 Optimization of composite film performance

The first optimization step aimed to enhance ATz by adjusting the size of the PNIPAm microgels. Microgels with particle sizes of
700 nm, 840 nm, 1,110 nm, and 1,365 nm were synthesized, and their transmittance was measured at 25 °C and 35 °C. As shown in
Figure 3a, particle size decreased with increasing temperature, with the largest particles obtained at a feeding time of 90 min. The
relationship between particle size and transmittance is further illustrated in Figure 3b,c. AT increased as particle size grew from
700 nm to 1,365 nm, reaching a maximum of 39.2% at 1,365 nm.
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Figure 3. Performance optimization of PPI composite film. (a) Temperature-dependent diameter variation of microgels with different sizes; (b) UV-vis spectra of microgels
with varying diameters at different temperatures; (c) Transmittance and modulation characteristics of microgels with varying diameters in the visible and infrared regions; (d)
Schematic illustration of the effects of doping concentration and film thickness on performance; (e) UV-vis spectra of films with different doping concentrations at varying
temperatures; (f) Transmittance and modulation characteristics of films with different doping concentrations in the visible and infrared regions; (g) Optical transparency of
films with varying thicknesses in different thermochromic states; (h) UV-vis spectra of films with different thicknesses at varying temperatures; (i) Transmittance and

modulation characteristics of films with different thicknesses in the visible and infrared regions. PPI: polyacrylamide/poly(N-isopropylacrylamide)/indium tin oxide.

This trend can be interpreted using Mie scattering theory, where the size parameter x is defined as!'3!:

x=% )

where r is the particle radius and A is the wavelength of the incident light. When the PNIPAm microgels are in the activated state,
their x in the visible light region is approximately 1, resulting in low scattering efficiency in the infrared region. Effective infrared
scattering occurs when the size parameter in the near-infrared (NIR) range approaches 1. For the 90 min sample, the particle
diameter at 35 °C was 548 nm, yielding a size parameter in the infrared region close to 1, which explains the strongest AT response
observed.

Next, AT,z was further improved by adjusting the doping concentration of ITO particles. According to the Beer-Lambert law!?],
absorbance is proportional to both the concentration of the absorbing species and the optical path length (Figure 3d). Due to the
strong infrared reflectance of ITO particles, the AT,z of the PPI composite film increased as the ITO concentration increased.
Figure 3e,f show the solar transmittance and its variation for the PPI composite film with doping concentrations of 1, 3, 5, and
7 mg/mL. At concentrations of 5 mg/mL and 7 mg/mL, the lowest Tz values of 47.58% and 39.67%, respectively, were achieved.
However, at 7 mg/mL, Ty,,, was markedly reduced, potentially compromising indoor illumination and visual comfort. In contrast, the
composite film with an ITO concentration of 5 mg/mL achieved a substantial enhancement in ATy while maintaining a Ty, of 69.73%,
ensuring adequate visible-light transmission.
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Having examined the factors governing infrared modulation, attention was then turned to Ty,;, a parameter critical for both indoor
brightness and external visibility. To address this, the film thickness was optimized to enhance T, in the activated state while
maintaining sufficient AT;z. Composite films with thicknesses of 0.2mm, 0.5mm, 1mm, and 2mm were prepared. Transparency
changes with temperature were qualitatively assessed by placing the films over a printed-text substrate (Figure 3g). The 2mm film
exhibited complete opacity; therefore, only the 0.2mm, 0.5mm, and 1mm films were further evaluated.

Figure 3h,i present the solar transmittance and its variation for these three thicknesses. The 0.2mm film maintained high T, during
the phase transition, but its ATz was insufficient to meet performance requirements. The 0.5mm film achieved a well-balanced
performance, with Ty, of 50% and AT of 50.4%. In contrast, the 1mm film caused a marked reduction in Ty, to 12.72%, falling short of
the design target.

Through systematic adjustment of microgel particle size, ITO doping concentration, and film thickness, the PPI composite film
achieved simultaneous enhancement of Ty, and AT, fulfilling the targeted performance objectives for dual-responsive smart
window applications.

3.3 Optical switching and response temperature of the composite film

Following the identification of 5mg/mL as the optimal ITO concentration, its impact on photothermal performance was further
investigated. Figure 4a presents a schematic illustrating the effect of doping concentration on heating efficiency, accompanied by
infrared thermal images of films irradiated at 100 mW cm for the same duration. The complete set of thermographs is provided in
Figure S3. It was observed that increasing the ITO concentration resulted in a more pronounced temperature rise. Figure 4b pshows
the temperature-time curves of the composite films, with the heating rate k determined from the slope. The heating rate increased
with ITO concentration, reaching a maximum at 5 mg/mL; beyond this point, k exhibited no further improvement, with both 5Smg/mL
and 7mg/mlL yielding k = 0.04. However, the steady-state plateau temperature was slightly higher for the 7mg/mL film. Considering
the heating rate as a key photothermal parameter, these results confirm that 5Smg/mL is the optimal ITO concentration.
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The T values of the films are shown in Figure 4c. PNIPAm exhibited a T. of 31 °C, consistent with literature values/?’l. The P-P

composite displayed a slightly lower TC than pure PNIPAm hydrogels, while incorporation of ITO particles did not substantially alter

film’s temperature control efficiency.

the T¢, which remained at 29.07 °C. Although DSC measurements are limited to assessing thermal switching under laboratory
conditions, in practical applications, the synergistic effect of thermal and light-induced switching could significantly enhance the

The combination of optimized thermochromic properties, high infrared modulation efficiency, and high Ty, provides a clear
3.4 Application of the composite film

performance advantage over previously reported thermochromic systems, as illustrated in Figure 4d.

Following performance optimization, the thermal management capability and cycling stability of the PPI composite film were
evaluated. Figure 5a shows a schematic of the experimental setup for assessing thermal management performance, with detailed
device configurations provided in Figure S4. A thermocouple was used to monitor the internal temperature of the insulated chamber,
enabling precise evaluation of the smart window’s thermal regulation capability. A control experiment without the smart window

film was conducted under identical conditions for comparison. During the tests, both the distance between the lamp and the building
and the lamp intensity were kept constant.
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Figure 5. Application and cycling stability of the PPI composite film. (a) Schematic of the experimental setup for thermal management performance testing of the smart

window device; (b) Temperature-time profile of the device during the thermal management experiment; (c, d) Cycling stability tests of the PPI composite film (1,365 nm,
5 mg/mL, 0.5 mm). PPL: polyacrylamide/poly(N-isopropylacrylamide)/indium tin oxide.

The experimental results are shown in Figure 5b. In the inactive state, the internal temperature of the building equipped with the PPI
composite film increased more slowly under the same irradiation period. This behavior was attributed to the ITO particles embedded
in the film, which effectively absorbed a portion of the incident infrared radiation and converted it into heat. Consequently, after
10min of illumination, the PPI composite film reached its TC and activated its thermal regulation function. This activation caused a
clear divergence between the temperature profiles of the experimental and control samples. With continued illumination, the
temperature of the control samples continued to rise, whereas that of the experimental samples stabilized, resulting in a maximum
temperature difference of approximately 7 °C over the same illumination period. At this stage, the heating rates were 0.525 °C/min for
the experimental samples and 0.16 °C/min for the control samples. These results highlight the significant potential of the fabricated
hydrogel composite film for smart thermal management applications.
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To assess durability, 50 consecutive heating-cooling cycles were performed, with the results presented in Figure 5c. The hydrogel
composite film was encapsulated between two rigid glass substrates with a silicone sealing ring to minimize water loss and maintain
stability under ambient conditions. Throughout the cycling test, the TIR of the composite film remained stable. Additionally, AT, and
ATr were continuously monitored during the cycling tests. As shown in Figure 5d, both ATj,,, and ATz exhibited no significant
changes after cycling. These findings demonstrate the excellent cycling stability of the smart window film.

4. Conclusion

In summary, a dual-responsive smart window film based on thermochromic PNIPAm was successfully developed and systematically
characterized. The film exhibits large and broadband transmittance modulation, making it highly suitable for energy-efficient
applications. Through precise control of PNIPAm microgel particle size, combined with the incorporation of ITO particles into the
polymer matrix, the PPI composite film achieves a substantial enhancement inn ATy, increasing from 39.2% to 50.4% compared with
the pure PNIPAm hydrogel. Furthermore, the film demonstrates a high T,,, of 50% in the activated state and a low T of 29 °C.
Application of the PPI composite film is expected to reduce indoor temperatures by up to 7 °C, while maintaining excellent stability
and scalability, highlighting its practical potential. This design strategy and the obtained results demonstrate that dynamic
modulation of transmittance in smart window materials is an effective approach toward real-world applications. Overall, this work
provides a promising and scalable platform for the development of next-generation smart windows, combining high optical
performance with practical durability. By enabling effective thermal and optical control, it contributes a valuable design strategy for
sustainable architecture and energy-efficient technologies.
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