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This study develops a transparent, biocompatible hydrogel membrane (HGM) for sustainable building
fenestration. Made from hydroxypropyl cellulose, poly(acrylic acid), and starch derived from waste potato
peels, the HGM leverages bio-waste valorization. It exhibits thermotropic behavior, dynamically adjusting
optical transparency with temperature. Extensive physicochemical analyses confirmed the molecular
interactions governing its optical and thermal properties. When incorporated into a prototype double-
glazed window, the HGM significantly enhanced indoor thermal regulation, achieving a low thermal
conductivity at 0.23 W m~ K~! and thermal transmittance (U-value) of 1.84 W m~2 K~! and effectively
mitigating temperature differentials of up to 30 °C. The synthesized hydrogel exhibits a tunable transition
temperature, high luminous transmittance of 72%, notable solar modulation efficiency of 75%, and
exceptional durability. In addition to thermal performance, the HGM improved the efficiency of the
underlying silicon photovoltaic cell by up to 15% compared with its standalone performance. This
enhancement is attributed to the presence of light-scattering centers within the HGM, which facilitate

total internal reflection and contribute to thermal buffering. Functioning dually as a passive radiative
Received 26th January 2025 ling 1 d tical modulator, the HGM material d trat ltifunctionality tailored f
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building-integrated photovoltaic systems. This study advances the domain of energy-efficient

DOI: 10.1035/d55e00124b architecture by integrating sustainable materials with improved solar and thermal regulation properties,
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1. Introduction

Growing apprehensions regarding global energy consumption
and the escalating carbon footprint have shifted the policy focus
towards buildings. Buildings currently account for 40% of the
world's total energy consumption and generate 15% of global
carbon dioxide emissions."> However, the limited thermal
insulation properties and high solar radiation transmittance of
glazed facades substantially contribute to increased building
energy demand. Statistical analyses reveal that glazed facades
are responsible for approximately 37% of total solar heat gain
and 40% of the overall heat loss through building envelopes.® A
significant contributing factor to this scenario lies in the
systems employed to maintain thermal and visual comfort
within buildings, notably air conditioning and heating,
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thereby promoting the development of climate-responsive building designs.

representing primary energy consumers. Consequently, opti-
mizing these systems has become imperative. It is noteworthy
that although windows typically constitute only about 30% of
a building's external facade, they contribute to approximately
60% of its energy loss. While their primary function of a window
is to illuminate the interior by permitting visible light, they also
play a pivotal role in regulating thermal comfort levels within
the building.** This dual functionality underscores the impor-
tance of designing windows that balance energy efficiency and
visual comfort. Smart materials integrated into window
systems—often referred to as intelligent glazing technologies,
exhibit dynamic physicochemical responses to environmental
stimuli such as temperature and light, thereby improving
building energy efficiency and occupant comfort.® Most existing
smart materials in windows employed in building envelopes are
predominantly synthetic oxide-based nanomaterials, which
often exhibit a high transition temperature and elevated
thermal conductivity that compromises optical transparency,
thereby limiting their effectiveness in optimizing energy
performance.”® The incorporation of sustainable, biocompat-
ible materials into adaptive building systems thus represents
a largely untapped opportunity. Furthermore, current
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technologies frequently lack a comprehensive integration of
thermal comfort and energy generation functionalities.
Research into organic, bio-based or bio-influenced materials for
responsive architectural applications remains scarce, despite
the growing imperative for sustainability.® Additionally, green
building envelopes have already demonstrated their efficacy as
thermal insulators, acoustic dampeners, and passive energy-
saving components, collectively contributing to enhanced
building sustainability metrics.*

Interestingly, lower critical solution temperature (LCST) type
thermosensitive polymer-based hydrogels and liquids have
garnered considerable interest owing to their cost-effectiveness,
high solar modulation efficiency, superior luminous trans-
mittance, and easily tunable phase transition temperatures.'*
The fundamental mechanism underlying their behaviour
involves temperature-induced phase separation of the polymers
in aqueous media. Below the cloud point, these polymers
remain fully soluble, maintaining the hydrogel or liquid in
a transparent state. Upon exceeding this critical temperature,
polymer chains aggregate, leading to phase heterogeneity that
scatters incident light and imparts a turbid or opaque appear-
ance." This reversible optical switching underpins their utility
in smart window applications and other stimuli-responsive
systems. Hydrogels have garnered significant attention in this
context due to their highly tunable chemical and physical
properties. Composed of three-dimensional networks of
hydrophilic polymer chains, these materials are capable of
swelling in water.”® Particularly noteworthy are hydrogels
derived from LCST-type thermosensitive polymers, which
exhibit a distinct temperature-responsive behaviour.'***

Recently, thermochromic hydrogels, exhibiting temperature-
dependent optical transitions, have attracted significant
interest for energy-efficient smart window applications. Notable
examples include polyampholyte hydrogels (PAH), poly(N-iso-
propylacrylamide) (PNIPAM), and hydroxypropyl cellulose
(HPC), each demonstrating phase transitions conducive to
dynamic light modulation."*'*'” Hydrogels also offer revolu-
tionary potential as high thermal energy storage (TES) materials
for thermo-responsive smart windows, leveraging the intrinsic
high solar modulation and TES capacity of water-rich ther-
moresponsive liquids. Unlike conventional building materials
such as wood, metal, glass, and concrete, which have low TES
capacities (<100 kJ kg™ over 10-70 °C), hydrogels benefit from
water's exceptional specific heat capacity (4.2 kJ kg™' K1),
yielding TES capabilities around 250 kJ kg '.'®° While
commercial phase change materials like paraffin and fatty acids
offer TES, their lack of optical transparency limits their suit-
ability for glazing applications.

The adaptive “smart” behaviour of hydrogels allows dynamic
modulation of transparency in response to outdoor temperature
variations, optimizing visible light transmittance while main-
taining superior indoor thermal comfort across varying
climates.

Poly(N-isopropylacrylamide)  (PNIPAM)  hydrogel-based
smart windows have achieved an outstanding intrinsic trans-
mittance of 87.2%. When compared to commercially available
glazing systems with a low-emissivity (low-e) coating, the
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PNIPAM-AEMA hydrogel film exhibits a combination of
advantageous features including dynamic solar modulation and
near-infrared (NIR) blocking.” This renders the adaptive
dynamically controlled window particularly suitable for tropical
regions. The PNIPAM network demonstrates an ultra-fast
thermal response rate, alongside commendable thermochro-
mic performances and anti-freezing properties, thereby facili-
tating effective indoor thermal control. Additionally, PNIPAM,
akin to wood, exhibits robust mechanical properties, enhancing
its optical regulation capabilities.® By incorporating this
hydrogel into transparent wood, indoor air temperature can be
reduced by 4.3 °C. The PNIPAM-polyacrylamide hydrogel is
introduced as a robust gel exhibiting notable thermochromic
properties. The incorporation of nanoparticles significantly
enhances the photothermal conversion capabilities of the
hydrogel. This advanced material allows the window to achieve
approximately 80% visible light transmittance prior to activa-
tion, and effectively blocks around 90% of sunlight upon acti-
vation, making it highly efficient for adaptive light and heat
regulation.”® Chen et al. recently reported a poly(vinyl alcohol)-
borax cross-linked hydrogel with 71.2% luminous trans-
mittance, 72.2% solar modulation efficiency, and excellent
durability. Compared to air-sandwiched windows, it offers
superior cooling, with up to 50% temperature-responsive
contribution, significantly influenced by hydrogel thickness,
making it ideal for smart thermochromic window
applications.*

As an alternative, cheaper cellulose derivatives, namely
methylcellulose, hydroxypropyl cellulose (HPC), and hydrox-
ypropyl methylcellulose, are widely acknowledged for their
manifestation of LCST in aqueous environments. This phase
transition primarily stems from the transition of different
hydrogen bonds (H-bonds).>*** Furthermore, modulation of the
phase transition temperature is achievable through adjust-
ments in both the degree of substitution and molecular weight.
Notably, metal ions exhibit robust hydration, thereby attenu-
ating the polymer-water H-bond. Consequently, the LCST phase
transition temperature is diminished in aqueous solutions
containing metal ions. Concurrently, investigations into LCST-
type hydrogels derived from sustainable cellulose sources
have been conducted. Additionally, the inherent rigidity of
cellulose facilitates the fabrication of mechanically robust
hydrogels.”>** Recently, Mohammad et al. conducted control
experiments that demonstrated the effectiveness of cellulose
windows in providing heat shielding. Their findings revealed
that methylcellulose-based hydrogel windows reduced indoor
room temperatures by up to 39 °C, with a heating rate that was
twofold lower compared to standard double-pane windows.*”

Unlike liquid hydrogels, hydrogel membranes (HGMs) form
stable, solid-like networks that eliminate the risks of leakage,
evaporation, and structural failure, require no maintenance
cost, and are easy to retrofit, enhancing long-term durability
and safety. In this work, their thermo-responsive behaviour has
been explored which allows them to dynamically switch
between transparent and translucent states in response to
temperature, enabling passive regulation of light and heat
without any external energy input. Composed of water-based or

This journal is © The Royal Society of Chemistry 2025
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biocompatible materials such as starch or polyacrylic acid,
HGMs are non-toxic, recyclable, and often biodegradable,
aligning with green building practices and reducing their
environmental impact.®® Their thermo-responsive behaviour
allows them to dynamically switch between transparent and
translucent states in response to temperature, enabling passive
regulation of light and heat without external energy input. This
phase transition creates light-scattering centres that enhance
diffuse light transmission and significantly boost photovoltaic
(Pv) performance through total internal reflection and
improved photon capture.® Due to their solid-state, flexible
structure, HGMs can be easily integrated into existing window
assemblies without the need for complex sealing, fluid reser-
voirs, or pressure management systems typically required for
liquids. This makes them ideal for cost-effective retrofitting in
older buildings, where minimal structural modification is
preferred. Their lightweight nature and ease of handling further
simplify installation, reducing labour and material costs. In
contrast, liquid systems often involve intricate containment
setups and pose higher risks of leakage over time, making ret-
rofitting more technically demanding and less reliable.
Furthermore, their production typically involves lower
embodied energy compared to more complex electrochromic or
liquid systems. Collectively, these properties make HGMs
a robust and sustainable solution for energy-efficient, smart
window technologies in the modern built environment.

2. Materials and method
2.1 Materials

Fresh potatoes were procured from a local supermarket in Fal-
mouth, Cornwall, UK, and utilized in their original state for
extracting starch. Hydroxypropyl cellulose (HPC) with a molec-
ular weight (MW) of 10 000, sourced from Merck GB, and pol-
yacrylic acid (PAA) with a MW of 3000, also obtained from Merck
GB, were employed. Glycerol and acetic acid were purchased
from Fisher Scientific, UK, and utilized without additional
purification steps. All solvents and chemicals used in the
present work were analytical grade (E. Merck and BDH).

2.2 Extracting starch from potato waste peel

Potato peel waste (PPW) represents a biowaste stream often
perceived as having negligible value, leading to its disposal with
significant environmental implications, with accumulations
reaching many tons annually.**** PPW was collected, washed
and dried at room temperature. The peels were washed and
homogenized in distilled water, and the resulting slurry was
filtered to remove the fibrous material. The filtrate was allowed
to stand under ambient conditions to facilitate starch granule
sedimentation. The slurry obtained from 1 L of distilled water at
30 °C was filtered through muslin cloth. The residue retained
on the muslin was thoroughly rinsed with distilled water until
the filtrate exhibited only minimal quantities of starch. Subse-
quently, the entire filtrate was collected in a glass beaker, and
the residue on the muslin was discarded. The suspension in the
beaker was allowed to settle undisturbed for 2 hours, during
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which a solid layer of starch sediment formed at the bottom.**
This starch sediment was subjected to 3-4 washes with distilled
water and then passed through a 120-mesh sieve until the
rinsing water appeared clear, devoid of any suspended impu-
rities. The resulting pure starch was then dried overnight in an
oven at 40 £ 5 °C, ground, and finally sieved through a 150-
mesh screen. The sediment was decanted, washed, and air-
dried. Starch presence was confirmed by addition of Lugol's
iodine solution, which induced a characteristic blue-black
coloration indicative of amylose-iodine complex formation.
Starch is selected as a binder in HGM fabrication due to its rich
chemical functionality, natural abundance, and compatibility
with polymeric hydrogel networks. Structurally, starch is
a polysaccharide composed of amylose and amylopectin units,
each bearing a high density of hydroxyl (-OH) groups. These -
OH groups facilitate extensive hydrogen bonding with func-
tional groups such as carboxylic acids (-COOH) and ethers (-O-)
present in hydrogel matrices like hydroxypropyl cellulose (HPC)
and poly(acrylic acid) (PAA). Beyond non-covalent interactions,
under appropriate thermal or catalytic conditions, the hydroxyl
groups in starch can also undergo esterification with carboxylic
acid moieties in PAA, resulting in the formation of covalent
cross-links that significantly enhance the mechanical stability
and durability of the hydrogel network.

2.3 Synthesis of hydrogel

The HPC-PAA hydrogel was synthesized in accordance with the
protocol delineated in our previous publication.*® The hydrogel
employed for membrane fabrication was prepared at the opti-
mized pH of 5.5, as established in our prior investigations.
Specifically, the pH was fine-tuned to reduce the LCST to
=32 °C. This pH-optimized hydrogel formulation was subse-
quently utilized for the HGM fabrication.

2.4 Development of hydrogel membrane

Different weight percentages (%) of PPW extracted starch were
weighed into a beaker, followed by adding 50 mL of distilled
water, 15 mL of HCI (0.1 mol), and 2.5 mL of glycerol. The
mixture was then heated on a hot plate and allowed to boil for
15 minutes under constant stirring. Subsequently, NaOH (0.1
mol) was incrementally added for neutralization, with each
addition being assessed using indicator paper. The samples
were further heated for an additional minute with continuous
stirring with 10 mL of previously synthesized and optimized
HPC-PAA hydrogel (pH 5.5).** The gelatinized suspensions were
rapidly cast onto a flat Teflon mold using the emulsion tem-
plating technique. The starch suspensions were then dried at
60 °C in an oven for 24 hours. Films were subsequently incu-
bated for 72 hours at 36 °C and a relative humidity of 60%. This
process was repeated for all prepared samples. A comprehen-
sive schematic depiction of the hydrogel membrane develop-
ment from PPW is illustrated in Scheme 1. Upon subjecting
a hydrogel comprised of dispersed starch powder to elevated
temperatures, the starch undergoes gelatinization, forming
interconnections between starch molecules. This process
(gelatinization-retrogradation =~ phenomenon) of starch
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Scheme 1 Schematic representation of the hydrogel membrane development utilizing potato peel waste derived starch.

consolidation has been described, wherein starch powder is
heated alongside a matrix material within an aqueous slurry,
leading to the formation of a network of interconnected pores.

2.5 Materials characterization

The transmittance spectra of the HGM prototypes were recor-
ded using a LAMBDA 1050 UV/vis/NIR spectrophotometer from
PerkinElmer, spanning from 200 to 2000 nm. Temperature-
dependent spectrophotometry measurements were conducted
using a thermocouple to regulate heat for lower and higher
temperatures, focusing solely on HGM samples. Microstruc-
tural analysis of hydrogel samples treated at various tempera-
tures was performed using a scanning electron microscope
(SEM), specifically an FEI Quanta FEG 650 under 5 kV. FTIR
characterization was carried out using a LUMOS II ATR-FTIR
microscope, Bruker and software OPUS version 8.8.4. The
dynamic light scattering (DLS) measurements were performed
using a Horiba NanoPartica-SZ 100 series. Porosity measure-
ments were conducted using a mercury porosimetry analyzer
from Quantacore Instruments, USA (model PM 60-GT-16).** The
tensile test was conducted using a universal tensile testing
machine (ZHIQU, Shanghai, China) under controlled condi-
tions (temperature: 22.5 °C, humidity: 40%). The XPS data were
acquired using a Kratos Axis SUPRA using monochromated Al
K, (1486.69 eV) X-rays at 15 mA emission and 12 kv HT (180 W)
and a spot size/analysis area of 700 x 300 pm. The instrument
was calibrated to gold metal Au 4f (83.95 eV) and dispersion
adjusted to give a BE of 932.6 eV for the Cu 2pj/, line of metallic
copper. The Ag 3ds,-line FWHM at a 10 eV pass energy was
0.544 eV. Source resolution for monochromatic Al K, X-rays is
~0.3 eV. The instrumental resolution was determined to be
0.29 eV at 10 eV pass energy using the Fermi edge of the valence
band for metallic silver. Resolution with a charge compensation
system was <1.33 eV FWHM on PTFE. High resolution spectra
were obtained using a pass energy of 20 eV, step size of 0.1 eV
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and sweep time of 60 s, resulting in a line width of 0.696 eV for
Au 4f,),. Survey spectra were obtained using a pass energy of
160 eV. Charge neutralisation was achieved using an electron
flood gun with filament current = 0.4 A, charge balance =2 V,
and filament bias = 4.2 V. Successful neutralisation was
adjudged by analysing the C 1s region wherein a sharp peak
with no lower BE structure was obtained. Spectra have been
charge corrected to the main line of the carbon 1s spectrum
(adventitious carbon) set to 284.8 eV. All data were recorded at
a base pressure of below 9 x 10~° Torr and a temperature of 123
K. All data processing and peak fitting were carried out using
CasaXPS software (version 2.3.20PR1.0). The test was performed
with a tensiometer on the HGM samples, which had dimen-
sions of 2 mm width, 6 mm length, and 1 mm thickness. Liquid
hydrogel contact angle measurements were conducted by
measuring the successive water contact angle (WCA) using
a drop shape analyzer (Kruss DSA25) and the sessile drop
method based on Young's equation. Each drop had a fixed
. The
instrument was equipped with a camera for image capture. The

volume of 5 uL, with a dosing rate of 500 puL min~

thermal conductivity measurements were performed using a C-
Therm Trident system with a modified transient plane source.
The method applied was the Modified Transient Plane Source
technique following ASTM D7984-16.* To simulate conditions
akin to 1 sun exposure, with an approximate light intensity of
1000 W m™2, a Newport 66902 300 W xenon lamp, set at air
mass (AM) 1.5, was employed.*® Heat flux flow through the
window glazing samples and indoor and outdoor temperatures
were monitored and recorded using a FluxTeq COMPAQ data
acquisition system, having voltage resolution < 1 pV. For U value
measurements of windows, a FluxTeq PHFS-OEM heat flux
sensor (nominal sensitivity: 2.5 mV W' em™?) and FluxTeq's
thin-film foil surface T-type thermocouple (specific thermal
resistivity: ~0.84 K kW' m?) were utilized.” The Raman
spectra of HGM were obtained using a WITec Alpha 300R
Raman microscopy system.

This journal is © The Royal Society of Chemistry 2025
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3. Experimental results
3.1 Research design

Fig. 1 presents a schematic representation of the HGM inte-
gration strategy and its subsequent performance assessment in
the built environment. The synthesized HGM is embedded
within the interspace of a double-glazed window unit, effectively
addressing typical limitations associated with hydrogel-based
systems, such as fluid leakage and long-term evaporation.
This membrane-based configuration facilitates seamless retro-
fitting without necessitating structural modifications. Thermal
transmittance and temperature distribution profiles were eval-
uated using a custom-designed hot-box chamber, in compar-
ison with both conventional glazing systems and alternative
HGM configurations. A photographic series of HGM samples
containing various wt% starch illustrates the tunability of
optical transparency and mechanical robustness, highlighting
the role of starch as a sustainable reinforcing agent. Addition-
ally, a commercial silicon PV module was directly interfaced
with the HGM-integrated glazing as an integrated glazing unit
(IGU) and subjected to performance testing under varying solar
irradiation conditions.

3.2 Temperature dependent transparency analysis and
durability test

To investigate the optical properties of HGMs, varying concen-
trations of starch, such as 1, 3, 5, and 10%, were incorporated
into a hydrogel matrix, and their transmission characteristics
were systematically examined. Fig. 2a presents the UV-vis-NIR
transmission spectra (200-2500 nm) of all samples. A
pronounced decrease in transmittance within the NIR region
was observed with increasing starch content. This trend indi-
cates that higher starch loading leads to enhanced light scat-
tering or absorption, thereby diminishing NIR transmittance.
In contrast, transmittance in the visible range remained

em—————N

HGM
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relatively high (>75%) for samples containing lower starch
concentrations (1 and 3%). However, as the starch content
increased to 5%, visible transmittance dropped to approxi-
mately 50%, and a further increase to 10 wt% resulted in
a dramatic reduction to around 20%. This decline in optical
transparency is primarily attributed to haze formation within
the hydrogel matrix.

Starch, a naturally occurring polysaccharide primarily
composed of amylose and amylopectin, inherently promotes
haze due to its complex structural and physicochemical char-
acteristics. Its semi-crystalline nature, comprising both amor-
phous and crystalline domains, leads to light scattering because
of refractive index mismatches. Additionally, starch's high
hydrophilicity facilitates significant water absorption, inducing
swelling and potential microphase separation. These effects
generate additional scattering centres, further reducing optical
clarity. Moreover, incomplete gelatinization or aggregation of
starch granules can result in undissolved or partially solubilized
particles that act as scattering inhomogeneities. In composite
systems, incompatibility between starch and the surrounding
hydrogel matrix can lead to microdomain formation, exacer-
bating phase separation and disrupting uniform light trans-
mission. Consequently, the overall optical behaviour is dictated
by the extent of these structural heterogeneities. The order of
maximum visible light transmission is: 10% < 5% < 3% < 1%,
while the inverse trend is observed for minimum NIR trans-
mission, indicating enhanced scattering or absorption in
samples with higher starch content.

Considering the trade-off between maintaining high visible
light transmittance and minimizing NIR transmission, the
hydrogel-starch composite containing 3% starch was selected
for further investigation. This composition exhibited an
optimal balance between optical clarity and infrared-blocking
performance. Accordingly, Fig. 2b displays digital photo-
graphs of the 3% HGM, illustrating its thermoresponsive

Prototype HOT BOX

Glass
>
Glass

Thermal Comfort

(Solid)

U-Value &

Starch Amount
_—
Variation (wt%)

10 wt%

Solar PV Performance

Commercial Si PV

Fig. 1 Schematic overview of HGM integration and performance evaluation, illustrating the research design of this study.
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(a) Optical transmittance spectra of HGM composites incorporating varying concentrations of extracted starch, (b) representative digital

photographs of the optimized 3% HGM sample integrated into both a prototype window and a PV module, illustrating its thermotropic response
at ambient and elevated temperatures, (c) comparative transmittance spectra of the optimized 3% HGM configuration against alternative window
composites, highlighting spectral modulation under different compositional conditions, (d) thermal cycling performance of the optimized HGM
sample, demonstrating the stability and reversibility of optical properties over repeated heating—cooling cycles, and (e) dynamic optical switching
behaviour of the optimized HGM system, indicating reversible transmittance modulation and quantifying the associated recovery time.

optical behaviour. The abbreviations are defined as follows,
representing the prototype double-glazed model window
configurations:

o G-A-G: glass-air-glass.

e G-H-G: glass-hydrogel-glass.

e G-S-G: glass-starch (melted)-glass.

¢ G-HGM-G: glass-hydrogel membrane-glass.

The membranes demonstrated a distinct transition from
a transparent to a translucent state as the temperature
increased, indicating thermally induced structural rearrange-
ments within the hydrogel matrix. A similar transparency
modulation was observed when the same 3% HGM membrane
was integrated with a silicon PV device and subjected to pro-
longed solar simulation. The corresponding images confirm
that the optical transition persists under real-world solar
exposure conditions, suggesting potential utility in smart
window or light-regulating photovoltaic applications.

Fig. 2c presents a comparative analysis of various window
configurations fabricated using the optimized 3% composite
formulation. The G-A-G configuration demonstrates superior
optical performance, achieving transmittance levels as high as
95% across the visible to near-infrared (vis-NIR) spectrum. In
contrast, substitution with gelatine extracted starch derived
from PPW results in a marginal decline in visible-NIR trans-
mittance to approximately 85-90%. Among the evaluated

5062 | Sustainable Energy Fuels, 2025, 9, 5057-5074

configurations, G-A-G consistently exhibits the highest trans-
mittance across the entire spectral range, maintaining values
above 90%, which reflects exceptional optical clarity and
minimal intrinsic absorption. Configurations incorporating
G-H-G and G-S-G exhibit moderately reduced transmittance
(~85-90%) relative to G-A-G. Notably, the G-H-G variant
displays distinct absorption features in the 1400-2000 nm
range, likely attributable to overtone and combination bands
associated with O-H and C-O-H vibrational modes or residual
water content intrinsic to the hydrogel matrix. In sharp
contrast, the thermoresponsive G-HGM-G configurations,
analyzed both at room temperature (RT) at 20 °C and at 40 °C—
exhibit markedly attenuated transmittance in the NIR region,
suggesting their applicability for solar modulation functional-
ities. At RT, G-HGM-G maintains visible transmittance near
70%, but shows significant absorption beyond 1200 nm. Upon
thermal activation at 40 °C, a substantial decline in trans-
mittance is observed, particularly within the NIR domain, where
values decrease to approximately 40% This
pronounced shift implies a temperature-triggered optical
modulation, potentially arising from phase transitions or
conformational rearrangements within the hybrid microgel
network. Typical UV absorbance is observed below 220 nm,
mainly due to ® — w* or n — =* transitions in any minor
organic residues.*® Collectively, these findings highlight the

or lower.
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tunable and thermoresponsive optical characteristics of G-
HGM-G systems, underscoring their suitability for deployment
in smart window applications requiring dynamic, temperature-
regulated light transmission.

Further, Fig. 2d illustrates the thermal cycling performance
of the G-HGM (3%) composite film, evaluated up to 50
successive heating—cooling cycles. Transmittance was measured
at a fixed wavelength at 550 nm to monitor the reversible optical
switching behaviour of the sample under repeated thermal
stimuli. The initial transmittance at ~20 °C is approximately
75%, corresponding to a highly transparent state. Upon heating
to 40 °C, the transmittance consistently decreases to around
46%, indicating a significant reduction in optical transparency
and a transition to a translucent state. This reversible change in
transmittance confirms the thermoresponsive nature of the
composite, likely due to the phase transition or structural
rearrangement of the functional polymer-HGM matrix.
Notably, the transmittance modulation remains stable and
reproducible over 50 consecutive thermal cycles, with no
observable degradation or hysteresis in performance. This
strong cycling stability highlights the excellent durability and
robustness of the 3% HGM composites, making it a promising
candidate for long-term applications in smart window systems
or thermal-switching coatings where sustained performance
under fluctuating environmental conditions is essential.*®

Consequently, the dynamic switching characteristics of the
same sample over multiple on-off thermal cycles, with real-time
monitoring of optical transmittance at a fixed wavelength of
510 nm (considered as CIE photopic luminous human eye
efficiency, photopic vision), is shown in Fig. 2e. The trans-
mittance data were recorded continuously for a total duration of
70 minutes to assess the switching speed and reliability of the
thermal response. Each cycle consists of heating the film at 40 °
C (transitioning to the translucent state) and then cooling it
back to room temperature (20 °C) to recover transparency. At
room temperature, the film exhibits a high transmittance of
~75%, while heating reduces the transmittance to ~45%,
consistent with the optical modulation observed in earlier
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thermal cycling tests. The plot shows that each full switching
cycle from transparent to translucent and back is completed in
approximately 12 minutes. The consistent amplitude and
repeatability of the transmittance change over all cycles indicate
excellent thermal reversibility, quick response time, and struc-
tural stability under repeated thermal stimulus. This result
further confirms the durability and responsiveness of the
composite, making it highly suitable for practical smart window
applications where rapid and repeated modulation of light
transmittance in response to ambient temperature changes is
required.

3.3 Microstructural analysis

Following SEM microstructural analysis, quantitative evalua-
tion of pore size distribution is critical for elucidating the
stimuli-responsive mechanisms underlying the thermotropic
behaviour. Fig. 3a and b depict the HPC-PAA hydrogel, char-
acterized by a cloudy morphology comprised of fine polymer
nanoclusters. In contrast, incorporation of starch into the
hydrogel matrix to form composite membranes induces
substantial microstructural transformations. Specifically,
Fig. 3c and d show the 1% and 2% HGM samples, respectively,
which exhibit a stiff, fibrous network embedded with starch.
This fibrous network becomes increasingly perforated and
exhibits a roughened texture with increasing starch content,
indicative of poor interfacial compatibility and the formation of
porous domains within the composite architecture with the
micron-sized wrinkles. At 3% starch loading (Fig. 3e and f), the
microstructure reveals a pronounced fibrous network, particu-
larly evident at the membrane edge (Fig. 3e, magnified view at
the edge), confirming successful starch embedding within the
hydrogel matrix. However, further increases in starch concen-
tration to 5% and 10% lead to pore filling by excessive starch,
resulting in a dense, trench-like composite morphology devoid
of distinct porous features or well-defined fibrous structures.
Starch can interact with the hydrogel polymers (through inter-
molecular H-bonding or other interactions like bifurcated or
multicentered H-bonding), making the polymer network more

Fig. 3 SEM micrographs illustrating the microstructural evolution of HGM composites with varying starch content: (a and b) HPC—PAA hydrogel
at different magnifications; (c) 1% and (d) 2% starch-added HGM samples, (e and f) 3% starch-added HGM samples at different magnifications; (g)
5% and (h) 10% starch-added HGM samples, highlighting changes in network morphology and porosity with increasing starch concentration.

This journal is © The Royal Society of Chemistry 2025
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compact and less open. This tighter structure leads to fewer and
smaller pores. This morphological evolution effectively smooths
previously sharp and porous characteristics, likely influencing
the optical and mechanical properties of the composite.***!
Thus, based on the correlation between porosity, network
architecture, and reinforcement characteristics, the 3% HGM
sample exhibited an optimal balance of structural integrity and
optical properties, demonstrating a pronounced misting effect,
and was consequently selected for further investigation.**

3.4 Wettability, porosity and mechanical stability analyses

Fig. 4a illustrates the static water contact angle measurements
of HGM incorporating varying concentrations of starch,
revealing a clear trend of decreasing surface wettability with
increasing HGM content. At 1% HGM, the membrane exhibits
a low contact angle of 17.7°, indicative of a highly hydrophilic
surface. However, as the HGM concentration increases to 3%
and 5%, the contact angles rise markedly to 46.2° and 67.6°,
respectively, signifying a progressive transition toward hydro-
phobicity. This shift in wettability is primarily attributed to the
intrinsic surface properties of the HGM, which possesses rough
shells that are relatively hydrophobic compared to the less
starch-based hydrogel matrix an observed from the SEM
microstructure analyses from Fig. 3. The increased incorpora-
tion of HGM likely reduces the availability of hydrophilic
hydroxyl groups on the membrane surface by either masking or
displacing them, thus diminishing the membrane’s affinity for
water. The inclusion of HGM can alter surface roughness,
potentially creating micro-scale heterogeneities that trap air
beneath droplets (Cassie-Baxter state).**** Collectively, these
findings suggest that the integration of HGM alters both the
chemical composition and the physical structure of the
membrane surface, leading to a significant reduction in

YT
YR

HGM - 1%

can 42
cap 42

(@)

HGM - 3%

View Article Online

Paper

hydrophilicity as the HGM content increases. Alternatively,
Fig. 4b represents the variation in WCA of hydrogel membranes
containing 3% and 5% HGM over a 30-day immersion period,
and it directly complements the static contact angle measure-
ments as shown in Fig. 4a. Over time, however, the WCA of the
HGM 3% membrane decreases significantly, stabilizing at
around 25° by the end of the 30-day period. In contrast, the
HGM 5% membrane maintains a relatively stable WCA
throughout the immersion period, showing only a slight decline
from ~68° to ~66°. This trend indicates that the HGM 3%
membrane undergoes substantial surface rehydration or
structural rearrangement during prolonged exposure to water,
resulting in increased surface hydrophilicity. This may be due to
gradual leaching or redistribution of loosely bound HGMs,
swelling of the hydrogel matrix, or reorientation of polar func-
tional groups (e.g., hydroxyl groups from starch) toward the
surface. Conversely, the HGM 5% membrane exhibits high
resistance to such changes, likely due to a denser surface
coverage or encapsulation effect by the HGMs, which inhibits
water penetration and restricts exposure of hydrophilic moie-
ties.*>*® Overall, the figure underscores the influence of HGM
content not only on the initial wettability but also on the long-
term stability of the surface characteristics in aqueous envi-
ronments. Lower HGM content allows for dynamic restructur-
ing and increased hydrophilicity upon immersion, whereas
higher HGM loading results in a more hydrophobic and
temporally stable surface.

Introducing porosity into a material represents a straight-
forward and efficacious strategy for attaining low thermal
conductivity. This arises from the capability of pores to impede
thermal transport within solids through the reduction of cross-
sectional area and the augmentation of heat transfer pathway
tortuosity. Notably, an irregular distribution of membrane
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pores is anticipated to manifest as wedge-like arrangements. As
the starch content increases, both the average pore diameter
and pore volume initially rise, reaching a maximum at 3%,
where the material exhibits the highest pore volume (~0.06 cc
g~ ") and largest pore size (~850 nm) as shown in Fig. 4c. This
optimal structure enhances thermal insulation by increasing
the air content within the matrix, effectively reducing thermal
conductivity due to air's low thermal conductivity. Beyond 3%,
further starch addition leads to a steady decline in pore volume,
despite relatively stable pore diameters, indicating possible
pore collapse or densification that hinders the formation of an
interconnected porous network.*”»*® This reduction in effective
porosity increases heat conduction pathways through the solid
matrix, diminishing the thermal insulation benefits. In
contrast, at higher starch concentrations (5-10%), although the
pore diameter remains relatively large, the pore volume drops
sharply, suggesting a denser and more compact structure with
limited water permeability. This structural densification corre-
sponds to the stable and higher contact angles observed for the
HGM 5% membrane, reflecting persistent surface hydropho-
bicity and minimal interaction with water. Notably, while the
localized pore volume and diameter may increase due to starch-
induced structural rearrangement, the overall matrix porosity
decreases as starch progressively fills and densifies the hydrogel
network. Therefore, the 3% starch sample represents the
optimal formulation, achieving a well-balanced porous archi-
tecture that minimizes heat conduction and maximizes insu-
lation efficiency. Further, the HGM exhibited remarkable
mechanical flexibility, capable of withstanding a variety of
deformations including stretching, knotting, twisting, and
compression. As illustrated in Fig. 4d, the mechanical proper-
ties of the HGM were significantly influenced by the starch
content. Both the maximum strain (S,,) and the breaking stress
(Sg) of the HGM increased with the starch concentration.
Specifically, when the starch content reached 1%, the maximum
strain and breaking stress attained values of 575% and 520 kPa,
respectively. This represents a 40% increase in maximum strain
and a 125 kPa increase in breaking stress compared to those of
only starch. The incorporation of starch into the polymeric
network of the hydrogel facilitated the formation of a more
intricate crosslinked structure, thereby enhancing both S, and
S¢. At ambient temperature, the hydrodynamic diameter of the
hydrogel was measured to be approximately 1 um. However,
with increasing temperature, this size expanded significantly to
around 1.5 pum. Notably, the hydrodynamic size exhibited
considerable variability depending on the operating tempera-
ture, undergoing substantial changes at both lower and higher
temperatures compared to room temperature. This observation
indicates a dynamic, temperature-dependent response in the
hydrogel's structural behaviour. The phenomenon suggests
a complex interplay between temperature and the aggregation
mechanisms of the hydrogel constituents.* Specifically, at
elevated temperatures, the aggregation process appears to be
predominantly influenced by PAA, resulting in larger hydrody-
namic dimensions. In contrast, at lower temperatures, the
aggregation dynamics seem to be driven by HPC, potentially
due to changes in osmotic pressure, which modulate the

This journal is © The Royal Society of Chemistry 2025
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hydrogel's hydrodynamic size. These findings underscore
a temperature-dependent shift in the dominance of aggregation
mechanisms within the hydrogel matrix, providing critical
insights into its adaptive behaviour and functional properties.*®
At a starch concentration of 5 wt%, S, further increased to
946%, while the corresponding maximum S reached 1264 kPa.
This enhancement is attributed to a substantial increase in the
crosslink density within the network, which contributed to the
observed rise in stiffness and elasticity. However, the increase in
starch content, while beneficial for mechanical strength, led to
areduction in transparency (Fig. 2a), a crucial parameter for the
intended applications of HGM. A passive smart window with an
adjustable phase transition temperature was demonstrated,
exhibiting good flexibility and stability.

3.5 Thermal conductivity analysis

Thermal conductivity measurements for 3% HGM were con-
ducted to elucidate their heat-insulation efficacy, juxtaposed
with starch and conventional glass, as depicted in Fig. 5a. HGM
demonstrated significantly lower thermal conductivity at 0.23 W
m~' K, contrasting with starch at 0.81 W m " K" and glass at
1.05 W m~' K '. Notably, negligible alterations in thermal
conductivity were observed with increasing temperatures up to
60 °C, aligning with maximum outdoor temperature scenarios,
indicative of sustained insulation properties across elevated
temperatures. Gradient crosslinking sites may arise from the
crosslinking reaction within the HGM, leading to the random
formation of a contiguous pore gradient spanning from mac-
ropores to nanopores throughout the polymeric network. When
immersed in water, the circular gradient hydrogel sheet exhibits
rapid and reversible shape transformations in response to
temperature variations between 60 °C and 20 °C. This
phenomenon engenders the tortuosity effect, enabling control
over transparency and thermal behaviour.> Tortuosity serves as
a metric to characterize the structural intricacies and approxi-
mate the length of pathways and time required for the disper-
sion of heat flow. Various forms of tortuosity, such as geometric,
hydraulic, electrical, and diffusive, have been elucidated in the
existing literature. In the context of the sponge-like polymer,
tortuosity delineates the trajectory of heat flux traversing the
broader inter-pore spaces. Consequently, this parameter
reflects the relationship between the diffusion coefficient of
heat flux in the absence of porous confinement and its effective
diffusion coefficient under porous confinement. At a tempera-
ture of 20 °C, the 3% HGM sample, characterized by its stable
and transparent polymeric network, exhibits minimal tortu-
osity. However, as the shape and structure of the matrix
undergo gradual changes, this low tortuosity can gradually
impede heat flow.

Additionally, temperature elevation may lead to decreased
pore size and alterations in the percolation of the gel network.
These changes can create a barrier that restricts heat flow and
induces higher tortuosity. As porosity increases, the fraction of
air-filled voids increases, reducing overall thermal conductivity
since air has a much lower thermal conductivity than most
polymers. However, a high porosity alone does not guarantee

Sustainable Energy Fuels, 2025, 9, 5057-5074 | 5065


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se00124b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 25 2025. Downloaded on 04-12-2025 2:30:28.

(cc)

Sustainable Energy & Fuels

o E dGlass
(a) < 1.4- A o

E Il starch

51.2-

21.04p ]

=

°

S 0.8-

°

5 0.6-

o

© 0.4

£

e

202

o

0.0
20 30 40 50 60

Temperature (°C)

Fig. 5

View Article Online

Paper

(a) Temperature-dependent thermal conductivity measurements of HGM compared with starch and ordinary glass, and (b) a plausible

mechanism explaining the heat shielding and maintenance of indoor thermal comfort by HGM for various temperatures in the window

application.

low conductivity if tortuosity is low (direct paths). Fig. 5b
illustrates a schematic representation of the probable heat-
shielding mechanism of the HGM across various tempera-
tures while tuning its visible transparency. The investigation
into spherical pore sizes revealed that the thermal conductivity
of porous materials is lower when the pore shape is closer to
spherical compared to when it deviates from a spherical shape.
Additionally, assuming isotropic polymeric spherical pores
tends to underestimate the thermal conductivity of porous
composites. In contrast, the relationship between pore shape
and percolation threshold, as well as tortuosity, exhibits an
inverse pattern to its impact on effective thermal conduc-
tivity.>»** Both the thermal conductivity and tortuosity of the

3.6 Cryo-XPS and ATR-FTIR microscopic analysis

The high-resolution cryo-XPS core-level spectrum of the C 1s
and O 1s regions provides unequivocal evidence for the
formation of covalent chemical crosslinks between the hydrogel
matrix and incorporated starch. In the pristine HPC-PAA
hydrogel (Fig. 6a and d), the C 1s spectrum shows three main
components: C1 (~284.8 eV) corresponding to C-C/C-H bonds
from the cellulose and acrylic backbone, C2 (~286.5 eV) from
C-O groups typical of hydroxyls and ethers in HPC, and C3
(~288.9 eV) representing carboxyl (O-C=0) functionalities in
PAA. Similarly, the O 1s spectrum displays O1 (~531.8 eV) from
carbonyl oxygens, 02 (~533.1 eV) from hydroxyl and ether
oxygens, and O3 (~534.6 eV) associated with adsorbed water or

mlalte{rlal h_VaHEd with  porosity  following a  power-law weakly bound -OH groups. Upon addition of 3% starch (Fig. 6b
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observed due to the introduction of starch's abundant hydroxyl
groups. Simultaneously, the C3 and O1 peaks shift to slightly
lower binding energies (~0.3-0.4 eV), indicating the formation
of hydrogen bonds between starch -OH groups and PAA
carboxylic acids. A new low-binding-energy shoulder in the C 1s
spectrum (~280.5 eV) also appears, suggesting possible esteri-
fication occurring during thermal curing. With 5% starch
(Fig. 6¢c and f), these effects are further amplified: the C2
component becomes more dominant, reflecting the
polysaccharide-rich environment, and both C3 and O1 peaks
continue to shift and broaden, consistent with enhanced
hydrogen bonding and increased cross-linking density. The
disappearance of the O3 peak implies reduced free water
content due to network densification. These core-level spectral
changes confirm that starch incorporation into the HPC-PAA
hydrogel leads to the formation of a robust dual cross-linked
network, stabilized through extensive hydrogen bonding and
a minor but significant contribution from covalent ester link-
ages resulting in the formation of a structurally reinforced
membrane.***

The ATR-FTIR (Fig. 7a) spectra reveal significant structural
changes in HGM compared to native starch, confirming the
formation of a stable, chemically crosslinked matrix. Native
starch has a granular structure with microvoids and free
hydroxyl groups. Upon adding HPC and PAA, these polymers
infiltrate and fill the microstructural gaps, leading to a denser,
more continuous hydrogel network. The broad peak around
3340 cm™ ', corresponding to O-H stretching vibrations,
becomes more intense and broader in HGM samples signifi-
cantly for 3% HGM and further samples, indicating enhanced
H-bonding and moisture retention. These changes reflect the
establishment of new H-bonds and possibly ester or ether
linkages due to interaction between the hydroxyl groups of
starch and carboxyl groups of PAA. This indicates that the
added polymers are not just physically embedded but are
chemically interacting, consistent with the filling effect.”®*” As
crosslinking progresses, these hydroxyl groups become involved
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in intermolecular interactions or are sterically hindered,
resulting in a quenching of the broad O-H band typically
observed in unmodified starch. The decrease in intensity of the
O-H band also supports the idea that hydroxyl groups are being
consumed in the formation of new bonds, suggesting effective
filling and bonding between phases.® Peaks at 2935 and
2865 cm ' represent C-H stretching from alkyl chains, with
increased intensity in HGM samples, confirming polymeric
additive incorporation. The new peak at 1716 cm ' in HGM
spectra, absent in native starch, corresponds to C=O stretching
from carboxylic groups in polyacrylic acid, confirming further
chemical crosslinking. The peak at 1445 cm ™' (CH, bending)
further supports this. Shifts and variations in intensity within
the fingerprint region, specifically at 1096, 1025, and 918 cm ™,
are associated with C-O-C and C-O-H stretching vibrations
characteristic of starch and cellulose. These spectral changes
indicate structural rearrangements and the possible formation
of ether linkages. This observation is consistent with the
hydrogen bonding absorption features identified through XPS
analyses. An additional absorption peak was observed at
1648 cm™ ', which is characteristic of starch. This peak arises
from the first overtone of O-H bending vibrations, coupled with
the stretching vibrations of the C-O-C ether linkages. This
suggests that the polymer concentration is ideal for filling the
matrix without phase separation or saturation, yielding a highly
crosslinked, mechanically coherent hydrogel network.> As the
starch content increases, these structural units become more
abundant, leading to intensified absorbance in these regions,
particularly reflecting the contributions of starch and associ-
ated polymers in the hydrogel matrix. Therefore, the 3% HGM
sample shows the most pronounced peaks across these regions,
indicating optimal crosslinking density and a stable hydrogel
matrix, outperforming higher or lower concentrations.

Fig. 7b presents the corresponding microscopic images
acquired during the ATR-FTIR mapping analysis. The coloured
dots in the images represent different regions within the
hydrogel matrix from which spectra were recorded, and the
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-t

(@) ATR-FTIR spectra of HGM samples with varying starch content compared to native starch (inset: the molecular structures of the

primary components of HGM), (b) corresponding microscopic images acquired during ATR mapping, where coloured dots represent different

regions sampled for spectral averaging.
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Fig. 8 (a) Photograph of the prototype hot—cold box setup to
measure the U-value of the HGM as a window component and (b)
corresponding schematic view of the measurement set-up inside the
chamber.

overall signal reflects the averaged spectrum shown in Fig. 8a.
Interestingly, the 3% HGM sample exhibits visibly higher
porosity, indicating a more open and less compact structure. As
the starch content increases beyond 3%, the hydrogel becomes
progressively denser, and the visible porosity diminishes. This
observation resonates with the spectral evidence of enhanced
polymer filling and crosslinking at higher starch concentra-
tions, where the network becomes more compact due to
excessive filler content. The morphological changes seen in the
ATR-mapping images are consistent with SEM analysis, further
corroborating that 3% HGM strikes an optimal balance between
crosslinking and porosity.

3.7 Calorimetric hot-cold box experimental setup and
measurements

HGM was introduced into the space between two conventional
low-iron glass panes to assess its thermal performance for
indoor comfort analysis. Fig. 8a illustrates a photograph of
a prototype setup utilized for testing the thermal transmittance
(U-value) of the HGM window prototype. A “hot-cold box”
represents a controlled experimental apparatus employed to
assess the thermal characteristics of a window by determining
its U-value. The U-value, also called thermal transmittance,
quantifies the heat transfer rate through a building component
under standardized conditions, indicating its insulating effi-
cacy against heat flow, with lower U-values signifying superior
insulation.>

Within our prototype hot-cold box setup, as depicted in
Fig. 8a, the HGM component under evaluation is positioned
between two regulated environmental chambers — one heated
and one cooled, to establish a temperature gradient across the
component. Subsequent heat flow measurement through the
component is conducted using temperature and heat flux
sensors. By precisely controlling the environmental parameters
and accurately measuring the heat flux, researchers can ascertain
the U-value of the HGM component for temperature profile
measurements.

The U-value measurements were conducted in accordance
with the ISO 9869:2014 average standard method and adapted
for the prototype hot-cold box as shown in Fig. 8b.*” To avoid
negative U-values, consider the absolute value |T; — T| in the
following equation (eqn (1)),
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U= T T, (1)
where ¢” = heat flux; T; = interior temperature; T. = exterior
temperature; if T, > T, — ¢” is leaving the wall; if T; < T, — ¢” is
entering the wall.

The effect of illumination equivalent to 1 sun on indoor
temperature was investigated, comparing a window incorpo-
rating HGM with one filled solely with the hydrogel. The HGM
window demonstrated a moderate reduction in temperature,
averaging approximately 30 °C, measured at locations 1 and 2 as
mentioned in Fig. 9. Conversely, the window filled only with
hydrogel exhibited a successive temperature increase, reaching
approximately 20 °C as consistently measured over a 60 minute
exposure period. Additionally, Fig. 9 indicates the HGM
window's ability to consistently maintain indoor thermal
comfort levels throughout the day, contrasting with external
temperature fluctuations.

The HGM windows demonstrate a U-value of 1.84 W m™
K, representing an approximate reduction of 33% compared
to standard double-glazed windows filled with argon. Conse-
quently, individual components comprising the HGM have
undergone detailed examination to determine the U-value of the
prototype window. Results indicate that all components exhibit
U-values ranging from 20% to 70% higher than those of HGM
windows. Table 1 presents the comprehensive U-value
measurements alongside the relative indoor-outdoor tempera-
ture gradient, providing initial insights into the efficacy of
reducing the U-value to maintain a higher temperature gradient
between indoor and outdoor environments. The diminishment
of accuracy in U-values for small samples, attributed to the edge
effect, is noteworthy. This diminution is particularly evident in
our samples, which measure only 6 cm x 6 cm. However, as
sample size increases, the influence of the edge effect dimin-
ishes, resulting in more precise values. Our analysis of hot-box
development measurements reveals a discernible trend in U-
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Fig.9 Comparison of simultaneous temperature profiles between the
IGU and the only hydrogel-filled window, as measured in a hot-box
chamber.
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Table 1 A comparative study to enhance U-value determination of a prototype window development using HGM compared with its relative

components

Prototype window configuration U-Value Interior-exterior

(4 mm x 12 mm x 4 mm) Wm2K™") temperature gradient (°C) & 0.05
Glass-air-glass 3.12 0.02

Glass-argon-glass 2.45 22

Glass-water-glass 7.39 10

Glass-hydrogel-glass 2.32 20

Glass-HGM-glass 1.84 30

values, highlighting the significance of material composition
and its impact on U-value measurements. This reduction of
approximately 33% in the U-value signifies that the HGM
windows are significantly more efficient at retaining heat
indoors during colder months and preventing heat from
entering during warmer months. This improvement in thermal
performance translates to reduced energy consumption for
heating and cooling purposes, thereby potentially leading to
lower utility bills and decreased environmental impact.

3.8 Hydrogel membrane as an integrated glazing unit for
silicon photovoltaic cells

The proposed IGU configuration integrates a laminated glazing
system consisting of two standard clear glass panes (23 cm x 23
cm) enclosing 3% HGM along with an array of encapsulated
monocrystalline silicon solar cells (15 cm x 15 cm). The I-V plot

in Fig. 10a demonstrates a temperature-dependent PV
25
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Fig. 10

performance enhancement of the IGU in comparison to
a standalone Si-PV. At 20 °C, the IGU exhibits a modest increase
in current density and voltage output relative to the standalone
PV, indicating the successful integration and functional
contribution of the HGM layer. As the temperature rises to 40 °C
and 60 °C, the short-circuit current density (Jsc) significantly
increases from approximately 17 mA cm ™ to over 22 mA cm 2,
while a slight reduction in open-circuit voltage (Voc) is
observed, an expected behaviour due to thermal voltage losses.
This improved performance is attributed to thermally enhanced
charge carrier mobility, lower internal resistance, and improved
interfacial conductivity within the IGU structure. Correspond-
ingly, the power conversion efficiency (PCE) increases from
6.4% at 20 °C to 7.38% at 40 °C, and further to 7.52% at 60 °C,
reflecting a ~15% improvement over the standalone Si-PV.
Table 2 highlights a comparative summary of the perfor-
mance. Notably, the presence of HGM not only avoids optical

Solar Simulator
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Cold Hot
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(a) Current—voltage (/-V) characteristics of the IGU unit measured at different temperatures, (b) corresponding real-time optical images

captured during testing, reflecting cyclic operation and dynamic response under varying thermal states, (c) temperature profile recorded over
a continuous 12 hour testing period, demonstrating thermal stability and sustained device behaviour, (d) schematic representation of the
proposed mechanism underlying the enhanced IGU performance at elevated temperatures.
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Table 2 Comparative summary of the PV metrics of the 3% HGM IGU
device compared with the standalone Si-PV

Jsc (mA em™?) PCE (%)
Device +0.5 Voc (mV)  FF +0.2
Si-PV 16.47 643 0.61  6.45
Si-PV+ HGM =IGU  16.44 643 0.61  6.42
IGU at 40 °C 19.78 621 0.59 7.38
IGU at 60 °C 22.02 572 0.57  7.56

shading but actively contributes to performance enhancement
under elevated temperatures, making the IGU a promising
solution for thermally adaptive PV applications.

Furthermore, digital images captured at different time
points during PV testing reveal changes in optical transparency
and the evolution of light-scattering centres within the IGU, as
shown in Fig. 10b. These visual changes correlate with
temperature-dependent behaviour, suggesting dynamic modu-
lation of the hydrogel matrix, which contributes to light diffu-
sion and potentially enhances photon harvesting. Fig. 10c
exhibits the temperature profile measurements recorded in
parallel with the PV performance tests over a continuous 12-
hour period using embedded thermocouples. Interestingly, the
presence of HGM significantly reduces the surface temperature
of the Si-PV layer by nearly half compared to the ambient
temperature on the outer IGU glass surface. This temperature
moderation effect is consistently observed throughout the day,
with a minor but stable trend pattern. These findings confirm
that the IGU not only maintains its operational stability under
thermal stress but also enhances overall efficiency by regulating
internal temperatures. Together, the results reinforce the IGU's
potential as a thermally adaptive energy-harvesting system,
capable of improving photovoltaic performance under real-
world conditions.®

Further, the schematic in Fig. 10d illustrates how the thermo-
responsive hydrogel interlayer within the IGU becomes an active
light-management system at elevated temperatures. At low
(ambient) temperatures the 3% HGM network is essentially
molecularly dissolved and the IGU remains highly transparent,

View Article Online

Paper

so direct solar irradiance passes through the glass and strikes the
Si cells with minimal scattering (cold/transparent panel). As the
temperature rises above the HGM's LCST (~30 °C), the hydrogel
domains collapse into micron-scale polymer-rich “scattering
centres” (hot/translucent panel). These microdomains act as
Mie-scatterers, converting some of the normally transmitted
direct beam into diffuse light within the IGU cavity.*® The newly
generated diffuse component undergoes multiple internal
reflections and waveguiding between the glass panes, effectively
increasing the optical path length across the silicon cell surfaces.
This enhanced light trapping and angular redistribution boosts
the photocurrent and overall PCE of the IGU, without significant
parasitic absorption or shading losses.>”** In essence, the heat-
activated phase separation of the hydrogel creates a dynamic,
self-regulating light-scattering medium that amplifies PV
performance under high-temperature operation.

3.9 Raman spectra and effect of shading

Raman spectroscopy of 3% HGM reveals strong cellulose-starch
interactions during membrane formation, leading to an amor-
phous structure with labile bonds and scattering centers at 60 ©
C, as shown in Fig. 11a. The HGM exhibits multiple polymeric
intensity bands in the 500-2000 cm ™' range, primarily attrib-
uted to the C-OH, C-O-C, and C-H vibrational modes of
cellulose and starch. Key Raman peaks for cellulose include
C-H stretching (~2910-2800 cm '), C-O-C stretching (~1150-
1120 em™', B-1,4-glycosidic linkage), C-O/C-C stretching
(~1095-1080 cm '), and skeletal modes (~520-400 cm ™", e.g.,
~380 cm ™ for crystalline cellulose If). For starch, prominent
peaks include C-H stretching (~2910-2850 cm™ '), C-O-C
stretching (~940 cm™', o-1,4-linkage), C-O-C deformation
(~860-850 cm ™", a-1,6-branching), and a strong skeletal mode
(~480 cm™'). During membrane formation, these peaks
undergo significant changes, indicating strong intermolecular
interactions and structural reorganization.

At 60 °C, notable spectral changes were observed, particu-
larly in the green-circled regions of Fig. 10a. The starch-
associated peak at ~480 cm ', linked to glucose ring vibra-
tions, nearly disappeared, suggesting a loss of crystalline order
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Fig. 11
of their relevant operating temperatures.
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(a) Temperature-dependent Raman spectra for the 3% HGM, and (b) the shading effect on the IGU's power output performance in terms
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in starch's structure. Concurrently, a new peak emerged at
~1021 cm ™!, potentially indicating the formation of new C-O or
C-C vibrational modes due to cellulose-starch interactions. An
anti-Stokes shift was observed at ~1751 cm™ ', accompanied by
significant peak broadening, particularly for C-H stretching
(~2910-2800 cm™ ') and O-H stretching bands. This broad-
ening is attributed to increased vibrational motion of cellulose
and starch chains at higher temperatures, leading to over-
lapping vibrational modes and a more amorphous structure.
The weakening of cellulose's crystalline peak (~380 cm™ ") and
starch's ~940 cm™ ' peak further supports the transition to an
amorphous state, capturing labile H-bonds that enhance poly-
mer chain flexibility.

These spectral changes suggest that the strong interaction
between cellulose's -1,4-linked linear chains and starch's o-1,4-
and o-1,6-linked branched structure disrupts their native crys-
talline arrangements. The formation of scattering centres
within the hydrogel matrix is primarily attributed to phase
transitions from crystalline to amorphous states, as well as the
presence of disordered polymer networks. The transition from
an ordered crystalline structure to an amorphous configuration
introduces regions with differing refractive indices, which
disrupt the uniform transmission of light. Additionally, the
inherent structural irregularities in the polymer network, such
as chain entanglements, heterogeneous crosslinking densities,
and microphase separation, further contribute to optical inho-
mogeneity. These factors collectively enhance light scattering
within the material, thereby increasing its overall
translucency.*®

Consequently, due to the thermotropic properties of hydro-
gels, these materials can dynamically modulate light trans-
mission, thereby introducing a self-adjusting shading effect on
PV systems. This shading behaviour mimics the function of
adaptive shading devices, such as Venetian blinds, which are
traditionally employed to reduce glare and manage solar irradi-
ance.” As shown in Fig. 11b, the influence of temperature-
responsive hydrogel shading on PV cell performance was evalu-
ated across varying levels of transparency, in comparison to
conventional manual shading. Commercial Si-PV cells typically
exhibit a negative temperature coefficient (—0.4 to —0.5% per °
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C), meaning that as cell temperature rises, Voc decreases, fill
factor declines, and overall conversion efficiency deteriorates.
Moreover, partial shading of a PV module introduces a localized
current mismatch, potential hot-spot formation, and power loss
beyond the mere reduction of incident irradiance. The developed
IGU addresses both phenomena by dynamically modulating
light transmittance and managing thermal load. At ambient
irradiance levels, the HGM remains highly transparent, permit-
ting unimpeded photon flux into the silicon absorber. As cell
temperature exceeds the phase-transition threshold (~35-40 °C),
the HGM transitions to a translucent state which scatters
incoming light rather than fully blocking it. This scattering effect
redistributes photons toward the module's central active area,
where carrier collection efficiency is maximized, thereby mini-
mizing the localized current mismatch and reducing the risk of
hot-spot formation. Simultaneously, the HGM  attenuates
infrared absorption at the glass-air interface, lowering back-
surface temperature and mitigating thermalization losses that
would otherwise depress Voc and Jsc. In comparative experi-
ments, modules equipped with HGM IGUs exhibited only
a modest decline in optical transmittance (~60%) relative to the
standalone Si PV yet achieved higher maximum power (Py,,,) due
to stabilized cell temperature and enhanced photon harvesting.
Consequently, this functioning underscores a paradigm shift in
solar module design, where adaptive light management and
localized heat dissipation collectively counteract conventional
shading losses, enabling improved photovoltaic efficiency under
thermally dynamic conditions.

3.10 Glazing transmission properties

Two key optical parameters, namely luminous transmission
(Ttum) and solar transmission (7)), of the 3% HGM prototype
window were quantitatively determined using eqn (2) and (3),
respectively. These metrics are pivotal for evaluating the visual
transparency and thermal performance of glazing systems.
Specifically, Ty, denotes the fraction of incident visible light
(typically within the 400-700 nm wavelength range) transmitted
through the glazing material, while T, represents the overall
proportion of incident solar radiation transmitted, encom-
passing the UV-vis-NIR spectral regions. The characterization

Table 3 Comparative study of luminous transmission and solar modulation of different hydrogels

Luminous Solar Transition
Hydrogel sample type transmission (%) modulation (%) temperature (°C) Ref.
PNIPAM + SDS/PTH micelles 91 ~76 29-36 61
PNIPAM/HPMC hydrogel 90.8 81.5 ~32 64
Pure physical-crosslinked thermochromic 92.7 82.1 Adjustable 65
hydrogel
Zwitterionic UCST hydrogel 371 Not specified 43 66
PNIPAM-AEMA hydrogel microparticles 87.2 81.3 ~32 20
PNIPAM + AMEO crosslinker 96.8 89.7 33 67
Hybrid hydrogel with metal nanoparticles ~50-60 ~20-30 — 68
PNIPAM-based printable thermochromic ink — — 32 69
HPC-PAA hydrogel - starch membrane form ~72 ~78 ~32 This work
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was performed on the 3% HGM sample and the results were
subsequently compared with relevant data reported in the
extant literature as shown in Table 3.%

Luminous transmission or reflection Ty,

780 nm
ORECHOIY
= % (2)
y(A)AA
A=380 nm
2000 nm
S AMLS()T(A, a)AX
Solar transmission Ty, = AZZOOZOI(I)‘;’ — (3)
S AML5(2)AA
2=200 nm

where T(A) is the transmittance of the composite coated at
wavelength A, the CIE (International Commission on Illumina-
tion) standards for photopic luminous efficiency of the human
eye (y(4)) and the solar irradiance spectrum for an air mass of
1.5 (AM1.5(1)) were used as weighting functions for the
wavelength-dependent transmittance. Tiy,, is 380 nm = A =
780 nm, corresponding to human vision limits. Besides,
measurements were carried out at 510 nm compared to the CIE
photopic luminous human eye efficiency. It should be noted
that the transmission spectra results presented in this study are
averaged values of at least five repeated experiments.

4. Conclusions

This study demonstrates the successful development of
a transparent, biocompatible hydrogel membrane (HGM)
synthesized from HPC and PAA, reinforced with starch derived
from waste potato peels, exemplifying a sustainable approach
through bio-waste valorization. The optimized 3% starch added
HGM exhibits thermotropic behaviour, allowing dynamic
modulation of optical transparency in response to temperature
variations. Various physico-chemical analyses confirmed
a stable and well-defined crosslinked polymer network that
remains dynamic and responsive to temperature variations,
underpinning the membrane's thermotropic behaviour and its
ability to modulate optical and thermal properties effectively.
Integration of the HGM into a prototype double-glazed window
resulted in significant improvements in thermal regulation,
achieving a low thermal conductivity of 0.23 W m " K" and
a thermal transmittance (U-value) of 1.84 W m™> K~ calculated
by a prototype hot-cold box method, effectively reducing
temperature differentials by up to 30 °C. The membrane also
demonstrated a tunable phase transition temperature, high
luminous transmittance (~72%), notable solar modulation
efficiency (75%), and excellent durability under operational
conditions. One promising advantage of the smart window
technology developed in this study is its potential for retrofit-
ting existing windows. The HGM-incorporating window, char-
acterized by its exceptional visible light transmission and
significant solar modulation ability, holds broad applicability in
the modern built environment. Importantly, incorporation of
the HGM enhanced the performance of the underlying silicon

5072 | Sustainable Energy Fuels, 2025, 9, 5057-5074
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photovoltaic cells by up to 15%, which is attributed to the
presence of light-scattering centres within the hydrogel matrix
that promote total internal reflection and mitigate local heat-
ing. Serving as both a passive cooling medium and an optical
modulator, this hydrogel membrane offers dual functionality,
making it a promising candidate for BIPV applications. Overall,
this work advances energy-efficient and climate-adaptive
architectural design by merging sustainable material develop-
ment with improved solar and thermal management
capabilities.
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