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Keywords: Solar energy conversion through photothermoelectric (PTE) systems offers an efficient strategy for transforming
Hydrogel solar heat into electricity. Herein, a Janus bilayer poly(vinyl alcohol) (PVA)-based PTE conversion hydrogel is
Photothermoelectric

successfully developed by incorporating carbon-based nanomaterials in the upper layer and systematically

Ezg_zzz}fe;ﬁzhon adjusting the dimethyl sulfoxide (DMSO):water (H20) solvent ratio to regulate the hydrogel’s thermal and ionic
Photothermal transport properties. Specifically, the upper layer of the hydrogel is modified with carbon nanotubes (CNT) and

reduced graphene oxide (rGO) to enhance the photothermal (PT) absorption, while the bottom pure PVA
hydrogel maintains low thermal conductivity to preserve the temperature gradient. After immersion in a K4[Fe
(CN)¢]/K3[Fe(CN)g] redox solution, the bilayer hydrogel achieves the low thermal conductivity of 0.42 W m!
K ! and high ionic Seebeck coefficient of 1.78 mV K~! by adjusting the DMSO:H,0 ratio. Under simulated
sunlight, the photothermoelectric generator (PTEG) exhibits the maximum temperature difference of 11.5 °C,
voltage generation of 175 mV, and peak power density of 300 mW m ™2, with excellent outdoor stability. Unlike
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conventional thermoelectric hydrogels, which primarily focus on single-layer structures or filler modulation, the
Janus bilayer hydrogel offers notable advantages, including flexibility, low thermal conductivity, and ease of
fabrication. These attributes highlight its potential for application in solar-powered devices.

1. Introduction

With the growing demand for sustainable and portable energy so-
lutions, self-powered systems that are capable of harvesting ambient
energy have become an increasingly important area of research [1,2]. As
an abundant and renewable resource, solar energy plays a pivotal role in
modern energy technologies [3]. Among the various forms of solar en-
ergy utilization, low-grade thermal energy remains a significant yet
underutilized component of energy recovery strategies. In this context,
photothermoelectric (PTE) conversion, which synergistically combines
photothermal (PT) and thermoelectric (TE) effects to convert solar en-
ergy into electricity, has emerged as a promising pathway for
next-generation energy-harvesting technologies [4-10]. This dual-mode
energy conversion process involves the absorption of sunlight to
generate heat, followed by TE conversion driven by the resulting tem-
perature gradient [11]. Due to its inherent scalability and potential for
off-grid applications, PTE conversion is well-suited for the development
of next-generation energy-harvesting technologies.

Carbon-based nanomaterials such as carbon nanotubes (CNTs) and
reduced graphene oxide (rGO) have been widely explored for PTE ap-
plications due to their strong near-infrared (NIR) absorption and high PT
conversion efficiency [12-17]. When incorporated into PTE systems,
these materials effectively enhance the solar-to-heat conversion. How-
ever, the existing PTE systems face several persistent challenges. First,
while the PTE performance strongly depends on maintaining a stable
temperature gradient, inefficient thermal management often results in
rapid heat dissipation, thereby diminishing the temperature difference
and limiting the TE output. Second, many existing PTE materials exhibit
sensitivity to environmental conditions and limited long-term stability,
which constrains their practical deployment in real-world applications.
Consequently, improving the energy conversion efficiency and opti-
mizing the integration of PT and TE components remain key challenges
for advancing high-performance PTE devices.

To address these issues, several studies have explored integrated
material strategies. For example, Shen et al. designed an interlocked PT
layer hydrogel based on polyacrylamide (PAAM) and soaked in a py-
rogallol and polyethyleneimine solution to achieve a Seebeck coefficient
of —1.40 mV K ! and a maximum power output of 1.47 mW m 2 under
simulated sunlight (100 mW cm~2). Although the surface temperature
reached 63.4 °C, the resulting temperature difference was limited to 1.9
K [18]. Similarly, Bai et al. utilized an Fe(CN)g’/ 4 redox couple in
polyvinyl alcohol (PVA) and gelatin-based hydrogel with a dimethyl
sulfoxide (DMSO)/water (H20) binary solvent system to improve both
the transparency and stretchability of the material. Further, they
introduced a porous light-absorbing sponge as an external PT module to
generate a maximum temperature difference of approximately 11.2 K,
an open-circuit voltage of 16.6 mV, and a short-circuit current exceeding
100 pA after 12 h of illumination [19]. Despite these advances, many
current PTE designs continue to face challenges such as insufficient
temperature difference and excessively high thermal conductivity, as
well as issues with interfacial adhesion and long-term stability.

Hence, the present study introduces a Janus bilayer hydrogel archi-
tecture that provides a more integrated materials strategy. Compared to
single-layer homogeneous designs, the Janus bilayer configuration en-
ables a directional control of heat flow and more effective coupling
between PT conversion and TE response. In this architecture, the upper
PT layer containing CNTs and rGO serves as a strong solar absorber,
rapidly converting incident light into localized heat. The lower pure PVA
layer, on the other hand, exhibits low thermal conductivity, which
effectively suppresses downward heat dissipation and sustains a

pronounced vertical temperature gradient across the interface. This
anisotropic thermal distribution ensures that the heat flux is preferen-
tially guided toward, thereby maintaining a stable driving force for
redox potential difference formation. Such a design not only improves
thermal management but also enhances the overall voltage output by
stabilizing the temperature gradient over time. Furthermore, both layers
share a chemically compatible PVA matrix, which eliminates interfacial
delamination and ensures efficient PTE energy transfer. Consequently,
the Janus bilayer structure plays a dual role: it maximizes solar ab-
sorption and heat generation in the upper layer while minimizing heat
loss and preserving the temperature gradient through the lower layer.
This synergistic mechanism is essential for achieving efficient and stable
PTE conversion. Furthermore, this bilayer hydrogel is immersed in
various volumes of K4[Fe(CN)g]/K3[Fe(CN)g] redox solution in order to
effect solvent exchange, thus leading to various DMSO:H,0 ratios. This
strategy makes it possible to optimize the TE performance of the
hydrogel, thereby achieves a high ionic Seebeck coefficient of 1.78 mV
K~ ! while maintaining a low thermal conductivity of 0.42 W m™! K.
Under both simulated and natural sunlight, the resulting photothermo-
electric generator (PTEG) delivers a maximum temperature difference of
11.5 °C, an output voltage of 175 mV, and a peak power density of 300
mW m~2, which represents a significant advancement over previously
reported hydrogel-based PTE systems (Table S1). Importantly, the de-
vice exhibits excellent long-term stability during outdoor operation.
Overall, this work presents a simple, scalable, and flexible approach for
integrating PT and TE functionalities within a unified hydrogel platform.
Unlike previous PTE systems that suffered from poor interfacial coupling
and unstable temperature gradients, the proposed Janus bilayer archi-
tecture achieves efficient PTE conversion through improved structural
integration. The resulting PTEG holds considerable promise for appli-
cations in self-powered portable electronics and energy-harvesting de-
vices, along with other next-generation energy systems.

2. Experimental section
2.1. Materials

Poly(vinyl alcohol) (PVA) with an average molecular weight (M) of
89,000-98,000 and a degree of hydrolysis of 99+%, potassium hex-
acyanidoferrate(Il) (K4[Fe(CN)g]-3H20) (purity: 98.5%), and potassium
ferricyanide (K3[Fe(CN)gl) (purity: 98%) were procured from Sigma-
Aldrich. Single-walled carbon nanotubes (SWCNTs), with a diameter
of less than 2 nm, a length greater than 5 pm, and 80 % purity), as well as
were sourced from Tuball™. Graphene oxide (GO) powder (purity of
97% and thickness of 2-3 nm) were supplied from Taiwan Carbon Ma-
terials Corp. All chemicals were used as received without further puri-
fication. The synthesis details of reduced graphene oxide (rGO) are
provided in the Supplementary Information, and the successful synthesis
of rGO was confirmed through Fourier-transform infrared (FTIR) and X-
ray diffraction (XRD) analyses, as depicted in Fig. S1.

2.2. Preparation of carbon-based dispersion

Aqueous dispersions of carbon-based nanomaterials (CNTs and/or
rGO) were prepared for subsequent use in gel fabrication. For the indi-
vidual dispersions, 5 or 10 mg of each carbon nanomaterial was com-
bined with 2 mg of polyvinylpyrrolidone (PVP) and dispersed in 10 mL
of deionized (DI) water. The mixtures were subjected to tip sonication
for 2 h in an ice bath to ensure uniform dispersion. In addition, binary
dispersions were formulated by mixing the carbon nanomaterials in the
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following amounts: 10 mg CNTs + 10 mg rGO, 5 mg CNTs + 10 mg rGO,
and 5 mg CNTs + 5 mg rGO. Each binary mixture was dispersed in 10 mL
of DI water containing 2 mg of PVP, using the same sonication condi-
tions. All dispersions were freshly prepared and used immediately for
subsequent hydrogel synthesis.

2.3. Preparation and characterization of photothermoelectric hydrogel

The preparation process of the bilayer PTE hydrogel is illustrated in
Fig. 1a. Here, PVA was selected as the hydrogel matrix due to its envi-
ronmental friendliness, biodegradability, and low production cost. Also,
it was expected to impart suitable flexibility and elasticity due to its
mobile polymer chains within the hydrogel. The first (bottom) layer was
prepared by dissolving 600 mg of PVA in 5 mL of dimethyl sulfoxide
(DMSO) at 85 °C under continuous stirring until a clear solution was
obtained. The resulting solution was cast into a polytetrafluoroethylene
(PTFE) mold and subjected to a freeze-thaw cycle to induce gelation.
The gel was retained in the mold for subsequent layer assembly. For the
second (top) layer, 600 mg of PVA was dissolved in 4.5 mL of DMSO at
85 °C with stirring. After complete dissolution, 0.5 mL of the desired
carbon-based dispersion was added to the solution and mixed thor-
oughly to form a homogeneous suspension. This mixture was carefully
poured over the first-layer gel within the same PTFE mold and subjected
to two additional freeze-thaw cycles to complete the bilayer gel for-
mation. The PT hydrogels that were prepared using the single-
component 5 mg CNT, 10 mg CNT, and 10 mg rGO dispersions are
referred to hereafter as the PT-5C, PT-10C, and PT-10R, respectively.
The hydrogels that were prepared using the binary dispersions (10 mg
CNT + 10 mg rGO, 5 mg CNT + 10 mg rGO, and 5 mg CNT + 5 mg rGO)
are designated as the PT-10C10R, PT-5C10R, and PT-5C5R,
respectively.

To introduce the redox couple, aqueous solutions of 0.42 M Ky4[Fe
(CN)g]l-3H20 and 0.25 M K3[Fe(CN)g] were prepared in DI water.
Because the hydrogel undergoes solvent exchange when immersed in
the redox solution, various volumes of the redox solution were used
according to the volume of hydrogel. For this investigation, samples of
the optimal bilayer hydrogel (PT-5C10R) were immersed in each redox
solution, as depicted in Fig. 1. This solvent-exchange process enabled the
formation of hydrogels with various DMSO: H5O ratios (1:1, 1:2, 1:4,
1:8, and 1:10), thereby tuning the internal composition and charge
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transport properties. The resulting hydrogels are designated hereafter as
the PTE-1, PTE-2, PTE-4, PTE-8, and PTE-10, respectively.

2.4. Fabrication of photothermoelectric generator

To fabricate the PTEG, a polydimethylsiloxane (PDMS) mold was
first fabricated by mixing the base elastomer and curing agent in a 10:1
weight ratio, followed by curing at 80 °C. The final mold had dimensions
of 6 x 6 x 1 cm®, and contained nine internal cavities, each measuring 1
x 1 x 1 ecm®, into which individual PTE hydrogel blocks (1 x 1 x 1 cm®
each) were inserted. Indium tin oxide (ITO) glass was employed as the
electrode material and positioned on the top and bottom surfaces of the
assembled hydrogel array. The use of ITO glass enabled optical trans-
parency, thereby allowing sunlight to reach the hydrogels without
compromising their PT performance. Copper wires were used to elec-
trically connect the ITO electrodes in series across the nine hydrogel
units. The entire PTEG was encapsulated using polyimide (PI) tape to
ensure mechanical integrity and environmental stability during
operation.

3. Results and discussion
3.1. Preparation of janus bilayer photothermoelectric hydrogel

The two-step fabrication procedure of the Janus bilayer PTE hydro-
gel is shown schematically in Fig. 1a and described in detail in the
Experimental section. First, a bottom layer consisting of pristine PVA
was prepared, and then a top layer containing the carbon-based PT
nanomaterials was deposited onto the surface of the base layer. This top
layer is responsible for absorbing solar radiation and generating a
temperature gradient across the hydrogel. The two layers were then
integrated via a freeze-thaw cycling process, which resulted in a phys-
ically crosslinked bilayer hydrogel, as confirmed by the morphological
analysis below [20]. The as-prepared bilayer hydrogel was then
immersed in the K4[Fe(CN)gl/K3[Fe(CN)¢] redox solution to enable
ionic conduction and TE functionality. Additionally, solvent exchange
was performed during the immersion process to achieve various DMSO:
H,0 ratios within the hydrogel, with the aim of modulating the ionic
transport properties of the matrix.

To endow the hydrogel with PT functionality, various carbon-based

(b)
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Fig. 1. Schematic illustration of janus bilayer hydrogel (a) preparation process and (b) the underlying PTE energy conversion mechanism.
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nanomaterials, namely carbon nanotubes (CNT) and/or reduced gra-
phene oxide (rGO), were incorporated into the upper layer. These ma-
terials were selected for their strong NIR light absorption capabilities
and high PT conversion efficiency, which makes them beneficial for
enhancing the PTE performance. The Janus bilayer configuration offers
several strategic advantages. First, the monolithic integration of the two
layers avoids interfacial mismatch, which can be expected to signifi-
cantly improve the mechanical integrity and reduce the likelihood of
delamination. This design also simplifies the fabrication process by
eliminating the need for adhesives or additional assembly steps. More-
over, the vertical architecture is expected to facilitate the formation of a
substantial temperature gradient across the hydrogel under solar irra-
diation, with the top layer acting as the photothermal “hot” side and the
bottom layer as the relatively cooler side. In turn, this thermal gradient
is expected to enhance the redox potential of the Fe(CN)3 /4~ couple,
thereby enabling efficient PTE voltage generation. To achieve redox-
active functionality, the as-fabricated bilayer hydrogels were
immersed in Fe(CN)g’/ 4~ solution with various DMSO:H50 volume ra-
tios. As demonstrated in the following paragraphs, solvent exchange
during this step enables the formation of hydrogels with tunable TE and
ion transport properties. As shown in Fig. 1b, under solar irradiation, the
bilayer hydrogel demonstrates effective PTE conversion, which is driven
by the directional redox reaction between Fe(CN)g’ and Fe(CN)g’ across
the thermal gradient.

3.2. Morphology and structural characterization of hydrogel containing
carbon-based nanomaterials

Representative photographs of the various hydrogels are presented
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in Fig. S2, and their morphologies are revealed by the scanning electron
microscopy (SEM) images in Fig. 2. Here, all samples exhibit a porous
microstructure, thereby indicating that the inclusion of carbon nano-
materials does not compromise the integrity of the PVA hydrogel
network [21,22]. Instead, their presence appears to promote or sustain
the formation of a stable porous architecture. Such porosity is expected
to be advantageous for PTE conversion, as it should not only enhance the
mechanical flexibility and compliance of the material but also
contribute to a reduction in the thermal conductivity, thereby facili-
tating the maintenance of a significant temperature gradient across the
hydrogel (Table S2). Although CNT typically induce anisotropic heat
conduction when aligned, the uniformly dispersed CNT and rGO within
the hydrogel network do not form long-range oriented pathways.
Consequently, the bilayer hydrogel exhibits no distinct
in-plane/out-of-plane anisotropy, but instead maintains a stable vertical
temperature gradient under irradiation [23]. This moderate thermal
insulation plays a critical role in sustaining the thermoelectric driving
force and achieving enhanced PTE performance.

The chemical structure and interactions between the PVA matrix and
carbon-based additives are elucidated by the Fourier transform infrared
(FTIR) spectra of the pristine PVA and the PT-5C, PT-10C, and PT-10R
hydrogels in Fig. S3. Here, the broad peak centered at around 3410 cm ™!
corresponds to the stretching vibrations of hydroxyl (-OH) groups in
PVA, thereby indicating the presence of hydrogen bonding within each
hydrogel network (Fig. S3a). Meanwhile, the absorption band near
1640 cm ! is attributed to O-H bending vibrations in PVA. The band at
1440 cm ™! arises from the bending vibrations of the methylene (-CHz)
groups, while the signal at around 1320 em™! is associated with the
bending vibrations of C-H groups or the sulfoxide (S=0O) bending of

Fig. 2. Morphological characterization of hydrogels incorporating carbon-based nanomaterials. SEM images at a magnification of 5000 x magnification of (a) pure

PVA, (b) PT-10C, (c) PT-10R and (d) PT-5C10R hydrogels.
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DMSO. Additionally, a distinct peak at 1020 cm ™ is associated with the
C-O stretching vibrations, which relate to the PVA matrix and may
overlap with the symmetric S=O stretching from DMSO [24,25].
Importantly, no significant peak shifts or new functional group ab-
sorptions are observed in the spectra of the nanomaterial-loaded
hydrogels, thereby indicating that the addition of carbon-based nano-
materials does not induce any chemical modifications to the PVA
backbone. This suggests that the nanomaterials are well dispersed
within the hydrogel matrix in a physically embedded state, without
altering the intrinsic chemical structure of the host polymer network.
The retention of these characteristic spectral features confirms the
integrity of the PVA matrix across all composite formulations.

3.3. Photothermal properties of hydrogel incorporating carbon-based
nanomaterials

The PT behavior of the composite hydrogels under AM1.5G solar
irradiation is revealed by the infrared thermal images in Fig. 3a—c, while
the time-dependent changes in temperature at both the hot (Ty) and cold
(T¢) ends are shown in Fig. 3d-f and S4-S5. Here, the PT-10C hydrogel
exhibits a maximum surface temperature of 48.7 °C on the irradiated
(hot) side, while the PT-10R hydrogel reaches only 40.0 °C (Fig. 3a and
d, and Fig. S4a and S5a). Thus, the PT-10C demonstrates an enhanced
PT performance relative to PT-10R. Meanwhile, the PT-5C hydrogel
exhibits a maximum surface temperature of 49.7 °C (Figs. S4b and S5b),
which is higher than both the PT-10C and the PT-10R. This indicates
that the PT-10C exhibits the best PT performance among the three

(a) (b)

Journal of Power Sources 662 (2026) 238731

investigated hydrogels. Among the various binary hydrogels, the PT-
5C10R exhibits the highest surface temperature of 52.5 °C (Fig. 3¢ and
f), compared to 48.0 °C for the PT-5C5R hydrogel (Figs. S4c and S5c),
and 49.0 °C for the PT-10C10R hydrogel (Fig. 3b and e). Moreover, the
PT-5C10R hydrogel exhibits a maximum temperature gradient of
approximately 12.0 °C between the hot and cold ends (Table S1). When
a single PT material is incorporated into the hydrogel, higher concen-
trations can achieve higher temperatures. However, when two PT ma-
terials are introduced simultaneously, a proper ratio can generate a
synergistic effect that enhances light harvesting and heat conversion,
thereby achieving higher temperatures. Conversely, excessively high
concentrations lead to optical shielding, which reduces absorption effi-
ciency and prevents further temperature increase. The ratios in PT-
10C10R and PT-5C10R are close to the optimal range, allowing them to
reach higher temperatures. This phenomenon is closely related to the
optimization of PT material concentration. Thus, among the tested for-
mulations, the PT-5C10R hydrogel demonstrates the most effective PT
conversion performance.

The superior performance of the PT-5C10R hydrogel can be attrib-
uted to the optimized combination of strong NIR absorption and effi-
cient thermal conduction from the rGO and CNT components [13,26].
Conversely, due to their high thermal conductivity, an excessive loading
of CNTs can promote rapid heat dissipation and reduce the overall
temperature gradient. Therefore, the present results suggest that the
CNT content must be limited to 0.5 mg mL™! in order to mitigate this
effect and maintain optimal thermal management. Meanwhile, the
highly porous morphology of the PT hydrogels (Fig. 2) enhances the
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Fig. 3. PT properties of hydrogels under solar irradiation. Infrared thermal images showing the surface temperature of (a) PT-10C, (b) PT-10C10R, and (c) PT-
5C10R hydrogels. Temperature profiles of the hot and cold sides over time for (d) PT-10C, (e¢) PT-10C10R, and (f) PT-5C10R hydrogels. UV-vis-NIR spectra showing

(g) normalized absorbance curves and (h) transmittance curves of the hydrogels.
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light trapping and surface absorption via multiple scattering effect,
thereby further improving the localized heating effect [21,22].
Furthermore, the above FTIR analysis confirms that the addition of CNTs
and rGO does not significantly alter the chemical structure of the PVA
hydrogel, thereby indicating physical dispersion of the carbon-based
nanomaterials within the polymer matrix.

Preservation of the gel's inherently low thermal conductivity is
critical for maintaining a substantial temperature gradient during
operation. Hence, the PT responses of the PT-10C, PT-10C10R, and PT-
5C10R hydrogels are further elucidated by the corresponding
UV-vis-NIR optical absorption and transmittance spectra in Fig. 3g and
h, respectively. Thus, each hydrogel exhibits strong broadband absorp-
tion, reaching approximately 90% across the entire measured spectrum
(Fig. 3g), along with minimal light transmission (Fig. 3h and S6d),
thereby further validating the strong light-harvesting capability of the
CNTs and rGO [27,28]. Moreover, the additional spectral measurements
in Fig. S6a and S6c¢ reveal that the PT-10R hydrogel exhibits compara-
tively weaker light absorption compared to the PT-10C, which is
consistent with the visibly lighter appearance of the former sample
(Fig. S2, Fig. S6a and c). Similarly, the PT-5C hydrogel displays a slightly
reduced light absorption capability compared to the PT-10C (Fig. S6b
and S6d). This can be attributed to the lower concentration of PT fillers,
which limits their solar energy harvesting efficiency. However, it is
important to note that strong absorbance in the UV-vis spectra does not
always correlate with a higher temperature gradient, as additional fac-
tors such as light scattering and thermal dissipation may each play a
role.

In view of the above results, a CNT concentration of 0.5 mg mL ™! was
selected as the optimal loading, and its effects on both the temperature
increase and temperature gradient were examined in the binary CNT/
rGO dispersions. In this case, as shown in Figs. S4 and S5, although the
PT-5C5R exhibit an improved PT performance relative to the PT-5C, it is
outperformed by the PT-5C10R, thereby highlighting the benefit of an
increased rGO content at a fixed CNT level. Conversely, although the PT-
10C10R exhibits strong light absorption, its PT performance is slightly
poorer than that of PT-5C10R, as shown in Fig. 3e and f. This can be

(a) _ (b)
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attributed to an excessive concentration of total carbon-based nano-
materials, which can cause excessive light reflection, internal shielding,
and reduced penetration of solar radiation into the hydrogel, thereby
reducing the net effective absorption and temperature conversion [29,
30]. Thus, an optimized composition of 5 mg CNTs and 10 mg rGO is
found to provide a suitably balanced and synergistic PT network. These
results collectively indicate the importance of carefully tuning both the
compositional ratio and absolute amounts (concentrations) of
carbon-based nanomaterials to achieve optimal solar energy harvesting
and PT conversion efficiency. In particular, the optimized PT-5C10R
hydrogel demonstrates excellent potential for PTE applications, where
efficient thermal energy conversion and precise temperature manage-
ment are critical.

3.4. Thermoelectric properties of hydrogels with varying DMSO:H20
ratios

As detailed in the Experimental section, the optimal PT-5C10R
hydrogel was subsequently immersed in various volumes of K4[Fe
(CN)6]/K3[Fe(CN)g] to yield the PTE-1, PTE-2, PTE-4, PTE-8, and PTE-
10 samples shown in Fig. S7. The TE performance was then evaluated
according to the ionic Seebeck coefficient (S;), which quantifies the
voltage generated per unit temperature difference. Mathematically, this
parameter is defined as S; = —AV/AT, where AV is the generated ther-
movoltage and AT is the applied temperature gradient [31-39]. The
measured TE responses of the various samples under ambient conditions
(relative humidity = 50-70%) are shown in Fig. 4a. This response arises
from the temperature-dependent redox reactions of the Fe(CN)g’/ 4
couple, including oxidation (Fe(CN)é_ — Fe(CN)g™ + e") at the hot end
and reduction (Fe(CN)gf +e - Fe(CN)g’) at the cold end [40-46].
This thermodynamically asymmetric redox behavior drives electron
flow from the cold end to the hot end, thereby generating a measurable
voltage output for the thermogalvanic cell. As shown in Fig. 4a, the
relationship between AV and AT is linear for all compositions, from
which the S; values are extracted via the slopes of the fitted lines. Thus,
the calculated S; values are 0.69, 0.77, 1.29, 1.78, and 1.54 mV K ! for
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Comparison of ionic Seebeck coefficient, ionic conductivity, and thermal conductivity among different hydrogel formulations. (e) Current density—voltage and power

density-voltage characteristics of the PTE-8 hydrogel.
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the PTE-1, PTE-2, PTE-4, PTE-8, and PTE-10, respectively. These results
indicate that the PTE-8 exhibits the highest S, thereby providing the
most favorable TE performance.

The above trend is further supported by the FTIR analysis of the
various PTE hydrogels in Fig. 4b. Here, characteristic absorption peaks
corresponding to the C=N stretching vibrations of the Fe(CN)2 4~ redox
couple can be observed in the 2100-2150 cm ™! region. Specifically, the
PTE-1, PTE-2, and PTE-4 hydrogels each exhibit a single absorption
band, thereby suggesting minimal electrochemical potential difference
between the oxidized and reduced redox species. This is likely due to the
relatively high DMSO content, which provides a more uniform and less
perturbing solvation environment for the redox couple. By contrast,
distinct dual peaks are observed for the PTE-8 and PTE-10 hydrogels,
thereby indicating a more pronounced differentiation in redox state
environments as the water content is increased [47,48]. This suggests
that the differing polarities and hydrogen-bonding capabilities of water
and DMSO modify the solvation shells and ion-solvent interactions of the
redox couple, thereby enhancing the Gibbs free energy difference and
thermovoltage output under a thermal gradient. Overall, these results
confirm that the PTE-8 hydrogel provides the optimal solvation envi-
ronment for maximizing the redox separation and S; value [49].

The ionic conductivity (o7) of each sample can be obtained by using
the equation o; = d/(A x R), where d is the sample thickness, A is the
cross-sectional area, and R is the bulk resistance obtained from the
electrochemical impedance spectroscopy (EIS) Nyquist plots in Fig. 4c
[50-56]. Thus, the o values of the PTE-1, PTE-2, PTE-4, PTE-8, and
PTE-10 samples were measured as 2.1, 4.2, 12.0, 20.3, and 32.7 mS
em™}, respectively. This increasing trend reflects the improved solubility
and mobility of the Fe(CN)3~/*~ redox couple in the systems with higher
water content. As a highly polar solvent, water enhances ion dissociation
and reduces ion aggregation, thereby promoting ionic conductivity [57,
58]. Consequently, hydrogels with a higher water content, particularly
the PTE-8 and PTE-10, exhibit superior ionic conductivity.

As shown in Fig. 4d, the thermal conductivity (x) is also found to
increase with water content, giving values of 0.28, 0.35, 0.38, 0.42, and
0.45 W m~! K! for the PTE-1, PTE-2, PTE-4, PTE-8, and PTE-10,
respectively. This trend is attributed to the higher intrinsic thermal
conductivity of water (~0.6 W m? K’l) compared to DMSO (~0.2 W
m! K’l), which makes the water-dominant formulations more effective
for heat conduction [59,60]. Among the various samples, the PTE-8
emerges as the optimal formulation, offering the highest S of 1.78 mV
K ! along with a high i of 20.3 mS cm ™!, while maintaining a relatively
low « of 0.42 W m~! K1, This favorable balance ensures that a strong
temperature gradient is preserved while enabling efficient ionic trans-
port, both of which are critical for effective TE conversion.

The power-generating capability of a single PTE-8 hydrogel is
revealed by the measured current density—-power density—voltage char-
acteristics under thermal gradients of 5 K and 10 K in Fig. 4e. Thus,
under a temperature difference of 5 K, the device produces an open-
circuit voltage of 9 mV, a current density of ~4 A m’z, and a
maximum power density of 9.35 mW m™2. When the temperature dif-
ference is increased to 10 K, however, the open-circuit voltage increases
to 16 mV, the current density reaches ~7.6 A m~2, and the maximum
power density increases substantially to 28.8 mW m™2. These results
demonstrate a strong linear dependence of output power on the applied
temperature difference, which is consistent with the measured ionic
Seebeck coefficient and confirms the hydrogel’s effectiveness for low-
grade thermal energy harvesting.

3.5. Structures and mechanical properties of hydrogel with varying
DMSO:H50 ratios

The structural origins of mechanical behavior in the hydrogels with
various DMSO:H,0 ratios are elucidated by the following small-angle X-
ray scattering (SAXS), tensile testing, rheology, and SEM results. SAXS
was employed to probe the internal microstructure of the hydrogels that
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cannot be fully resolved by SEM, tensile, or rheological measurements.
This technique provides quantitative insights into the size, shape, and
arrangement of polymer aggregates, thereby bridging the microscopic
network characteristics with macroscopic mechanical and thermal be-
haviors. Here, the SAXS data were analyzed using the Beaucage two-
level model, which effectively captures hierarchical structural features
in polymeric networks. The scattering intensity I(q) is modeled as:

N q2R2»
I(q) %’Ibkg-‘rz Giexp<— 3gl> + B; exp (

)|

q

_ q2R§<i+1)> «
3

where G; is the Guinier pre-exponential factor, B; is the power law pre-
exponential factor, Rg; is the radius of gyration, P; is the fractal dimen-
sion, and i = 1 corresponds to the global structure, while i = 2 relates to
local structures. As shown in Fig. 5a, Fig. S8, and Table S3, the fitted P;
value is around 2.8 for all hydrogel compositions, thereby suggesting a
mass fractal structure consisting of a loosely packed, branched network
of aggregated polymer chains. Meanwhile, the P, values range from 3 to
4 (Fig. 5a and S8, Table S3), which is characteristic of a surface fractal
structure, thereby implying that the surfaces of the aggregated domains
are rough and irregular. These results suggest that the hydrogels are
maintained by fractal-like flocs of aggregated PVA particles with rough
surfaces, regardless of the DMSO:H,O ratio. Moreover, R,; value also
increases with the increase in water content, thereby indicating that the
size of the aggregates becomes larger, which is consistent with the
observed trend in tensile behavior. Meanwhile, the size of the individual
PVA particles (Ry2) is consistently around 30 A, within a minor margin of
error [32,61-64].

The mechanical stress-strain measurements in Fig. 5b indicate clear
compositional trends, such that the maximum stress of the hydrogel
increases, and the strain at breaking point decreases, as the DMSO:H20
ratio is decreased from 1:1 to 1:10. This suggests that the hydrogel
network becomes stiffer but less stretchable with decreasing DMSO
content (increasing water content). This mechanical evolution is pri-
marily attributed to changes in polymer solubility and network crys-
tallinity, which are governed by the solvent composition. Specifically,
PVA exhibits a higher solubility in DMSO than in water. During freeze-
thaw induced gelation, this solubility difference significantly influences
microstructure formation. The hydrogels formed in water-rich solutions
appear opaque, thereby indicating the aggregation tendency of PVA
chains in water and the strong compressive forces exerted by ice crys-
tallization [65,66]. These factors promote the development of extensive
and unevenly distributed microcrystalline domains, which serve as rigid
physical crosslinking points, as evidenced by the increase in Rg; with
water content. As a result, the water-rich hydrogels exhibit higher
stiffness and tensile strength but lower toughness due to localized stress
concentration and limited polymer chain mobility. By contrast, the
hydrogels derived from DMSO-rich solutions display greater trans-
parency, which is indicative of a more homogeneous microstructure and
reduced crystallinity. The enhanced dispersion of PVA chains in DMSO
minimizes aggregation and allows for more uniform network formation.
This leads to improved chain mobility and uniform stress distribution
during deformation, thus yielding hydrogels with superior toughness
and higher elongation at breaking point. Therefore, the solvent
composition not only governs the polymer solubility and crystallization
behavior, but also critically determines the mechanical performance and
visual transparency [67,68].

These observations are further supported by the SEM images in
Fig. S9. Here, the average pore size of the hydrogel is seen to decrease as
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Fig. 5. Structural and mechanical characterization of PTE hydrogels with varying DMSO:H,O ratios: (a) SAXS spectra, (b) tensile stress—strain curves, and (c)

dynamic mechanical analysis showing storage modulus (G) and loss modulus (G").

the water content increases, thereby indicating the formation of a denser
and more compact network. The reduced porosity is consistent with the
enhanced tensile strength and diminished elongation observed in the
mechanical test results. This densification reflects the influence of water
in promoting intermolecular interactions and tighter packing of the PVA
chains. Furthermore, the rheological measurements in Fig. 5c indicate

that the storage modulus (G') consistently exceeds the loss modulus (G")
for all of the hydrogels, thereby confirming dominant elastic (solid-like)
behavior across the tested temperatures. Condition G’ > G signifies that
energy is primarily stored rather than dissipated during deformation,
and is indicative of a well-established physically crosslinked gel network
[69,70]. Notably, the PTE-10 exhibits the highest G' value, which
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cold sides over time. (e) Voltage output as a function of time, and (f) current density—voltage and power density-voltage characteristics of the PTEG.
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suggests strong elastic energy storage and minimal energy dissipation.
As the water content is increased, the G' increases while G” decreases,
thereby indicating a transition toward more elastic and less dissipative
network structures. Collectively, these results demonstrate that the
mechanical and rheological properties of PVA-based hydrogels can be
systematically tuned via solvent composition. By adjusting the DMSO:
HyO ratio, the network crystallinity and elasticity can be precisely
modulated to achieve hydrogels ranging from soft and compliant to stiff
and mechanically robust. This tunability is particularly advantageous
for optimizing the shape stability and operational reliability in TE
applications.

3.6. Photothermoelectric generator

To evaluate the integration of PT and TE functionalities, a PTEG was
assembled by serially connecting nine PTE-8 hydrogel units (1 x 1 x 1
cm?® each) within a PDMS mold for mechanical support, as shown in
Fig. 6a. Indium tin oxide (ITO)-coated glass was employed as both the
top and bottom electrodes due to its favorable combination of high
electrical conductivity and optical transparency. This configuration not
only ensures efficient charge transport but also allows sunlight to
penetrate the device, thereby facilitating effective PT activation and the
generation of a vertical temperature gradient across the hydrogel units.
Under AM1.5G simulated solar irradiation for 30 min, the thermal im-
ages in Fig. 6b and c reveal a steady increase in surface temperature from
ambient conditions to approximately 52.0 °C, thereby demonstrating
the efficient PT conversion capability of the system. Meanwhile, the

—
0O
S

50 0.20
~ 40
O 10.15
<
< 30f
‘é‘ 10.10
‘é’_zo -
o 10.05
= 10}
0.00

0 A 1 1 1 i 1
10:00 12:00 14:00 16:00 18:00 20:00
Time

Voltage (V)

Journal of Power Sources 662 (2026) 238731

temperatures at the hot and cold sides of the PTEG were also measured
as a function of time, as shown in Fig. 6d, which shows a temperature
difference of ~11.5 °C. Concurrently, the output voltage gradually in-
creases and reaches a maximum of ~175 mV at the end of the illumi-
nation period (Fig. 6e). Furthermore, the PTE output of the device is
evaluated by the current density—power density—voltage measurements
under a temperature difference of ~11.5 °C in Fig. 6f. Here, the device
exhibits an open-circuit voltage of ~175 mV, a current density of ~8.5 A
m 2 anda peak power density of ~300 mW m 2. These values confirm
that the Janus bilayer hydrogel system can effectively harvest both solar
and thermal energy, thereby demonstrating strong potential for appli-
cation in self-powered, sunlight-driven electronic devices.

Finally, the real-world applicability of the PTEG is evaluated by the
results of outdoor performance testing, which was conducted under
natural sunlight on the atrium of the College of Engineering, National
Taiwan University, Taipei, in May 2025. As shown in Fig. 7a, the surface
temperature and output voltage were continuously monitored between
10:00 and 20:00, and the surface temperature reached a maximum of
45.1 °C at 14:00. At this time, the corresponding open-circuit voltage
reached 155 mV (Fig. 7b). Over the full 10 h period, the voltage output
exhibits a positive correlation with the temperature change (Fig. 7c),
thereby indicating reliable and continuous energy harvesting under
varying environmental conditions. Furthermore, the results of repeat-
ability and durability tests performed at 14:00 during seven consecutive
days clearly indicate that, after solar exposure, the PTEG reliably gen-
erates an average open-circuit voltage of ~150 mV (Fig. 7d). Moreover,
as shown in Table S1, the device fabricated herein generates a larger
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Fig. 7. Outdoor performance evaluation of the PTEG. (a) Temperature profile and (b) photographic image of the PTEG during outdoor testing. (c) Hot-side tem-
perature and corresponding voltage output over a continuous 10 h period. (d) Voltage output measured at 14:00 across seven consecutive days.
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temperature difference compared to previously reported hydrogel-based
PTE systems, and also yields greater voltage and power outputs than
previous PTEGs. These results demonstrate the device’s robust opera-
tional stability, repeatable output behavior, and strong potential for
long-term deployment in sustainable outdoor energy harvesting
applications.

4. Conclusion

Herein, a poly(vinyl alcohol) (PVA)-based Janus bilayer hydrogel
was successfully developed for efficient photothermoelectric (PTE) en-
ergy conversion. The upper layer, incorporating carbon nanotubes
(CNTs) and/or reduced graphene oxide (rGO), enabled excellent pho-
tothermal (PT) conversion, while the lower layer, consisting of pure PVA
hydrogel, served to maintain a low thermal conductivity and enhance
the temperature gradient across the device. The Janus bilayer hydrogel
was further functionalized through immersion in a K4[Fe(CN)gl/Ks[Fe
(CN)g] redox solution to further enhance the temperature gradient
across the device while optimizing the ionic Seebeck coefficient (1.78
mV K1) via precise tuning of the DMSO:H,0 ratio and maintaining a
low thermal conductivity of 0.42 W m™' K~!. Consequently, the
assembled photothermoelectric generator (PTEG) demonstrated a stable
temperature increase and voltage output under both simulated and
natural solar irradiation. Under AM1.5G solar conditions, the device
achieved a maximum temperature difference of 11.5 °C, an open-circuit
voltage of 175 mV, and a peak power density of 300 mW m 2. Moreover,
the PTEG exhibited excellent long-term operational stability during
continuous outdoor testing. Overall, these findings validate the effec-
tiveness of the Janus bilayer hydrogel design in achieving synergistic PT
and thermoelectric functionalities. The demonstrated performance es-
tablishes this platform as a promising candidate for solar-powered, self-
sustaining technologies, with potential applications in portable elec-
tronics, environmental monitoring, and next-generation energy-har-
vesting systems.
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