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ARTICLE INFO ABSTRACT

Keywords: An environmentally friendly eutectogel (ETG) based on polyvinyl alcohol (PVA) and glycerol-based deep eutectic

Bi"cc‘mpaﬁm? solvents (DESs) is developed without chemical crosslinkers. Unlike most previous studies that exclusively

Ehermoeli’mm employed choline chloride (ChCl) as the hydrogen bond acceptor (HBA), this work systematically investigates
utectoge

three different HBAs, namely choline chloride (ChCl), choline bromide (ChBr), and choline iodide (ChI), whose
anions possess distinct chaotropic properties. Among them, I", exhibiting the strongest chaotropic effect, disrupts
the hydrogen-bonding network and lowers the crystallinity of the PVA matrix. The thermoelectric properties are
mainly determined by DES viscosity, ion-polymer binding energy, and steric effects from ionic size. Of the three,
the Br™-based ETG achieves the highest ionic conductivity (63.33 mS cm’l), thermopower (5.70 mV K’l), and
ionic figure of merit (0.14), owing to its optimal balance of moderate halide-polymer interactions, low viscosity,
and small ionic radius. This comparative study expands the scope of HBAs beyond conventional ChCl, providing
new design principles and broader material choices for thermoelectric gels in sustainable and wearable energy-

Hydrogen bond acceptor
Wearable device

harvesting.

1. Introduction

The rising global energy demand and growing environmental con-
cerns have highlighted the importance of developing technologies that
are capable of harvesting low-grade waste heat and converting it into
useable energy [1-3]. Traditional inorganic thermoelectric materials
such as PbTe and BiyTes, and SiGe alloys were first explored in the
mid-20th century for their moderate thermopowers (~200 pv K™1).
These materials offer good electrical conductivity, but their applications
are limited by brittleness, toxicity, and high fabrication costs [4]. These
limitations have prompted a shift toward more sustainable, flexible, and
eco-friendly alternatives that are suitable for wider applications. Among
the emerging candidates, ionic thermoelectric materials present several
key advantages, including low density, non-toxicity, low thermal con-
ductivity, and high tunable thermopower values [5,6]. In contrast to
conventional electron-based thermoelectric materials, the ionic mate-
rials operate via thermal gradient-driven ion migration, a phenomenon

known as the Soret effect [7-9]. In this process, ions accumulate at the
electrodes under a temperature gradient, where they effectively
generate a thermovoltage by acting as a thermally charged capacitor
[10,11]. This distinct mechanism has sparked growing interest in soft,
flexible systems-especially gel-based ionic thermoelectric systems,
which combine polymeric gels with ionic species to create highly
adaptable platforms for energy harvesting.

In recent years, polyvinyl alcohol (PVA) has emerged as an attractive
material for flexible electronics and biomaterials due to its biocompat-
ibility, low cytotoxicity, good film-forming ability, and favorable me-
chanical properties [12]. In ionic thermoelectric system, PVA is
frequently used to encapsulate ionic liquids or salts within a hydrogel
network. These PVA-based hydrogels are often chemically crosslinked
using agents such as boric acid, glutaraldehyde, or formaldehyde to
enhance mechanical strength and thermal stability [13,14]. However,
residual crosslinking agents may pose cytotoxicity risks, particularly for
wearable or biomedical applications [15]. Therefore, the development
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of environmentally friendly and non-toxic crosslinking strategies re-
mains a critical challenge in advancing design of ionic thermoelectric
materials. In addition to optimizing the polymer matrix, the choice of
ionic charge carriers is crucial for enhancing thermoelectric perfor-
mance. Ionogels, which combine ionic liquids with polymer matrices,
have shown prmising potential due to their inherently high thermo-
power. For instance, Cheng et al. reported an ionogel based on poly
(vinylidene fluoride)-hexafluoropropylene (PVDF-HFP) and 1-ethyl-3--
methylimidazolium dicyanamide (EMIM:DCA), achieving a thermo-
power of 26.1 mV K ! [16]. Similarly, Zhao et al. developed an ionogel
comprised of polyethylene oxide (PEO), lithium  bis(tri-
fluoromethanesulfonyl)imide (LiTFSI), and 1-ethyl-3-methylimidazo-
lium tetrafluoroborate (EMIM:BF,), yielding a thermopower of —15
mvV K ! [17]. However, despite their high performance, ionic liquids
face limitations such as high toxicity, elevated cost, and complex syn-
thesis. To address these challenges, deep eutectic solvents (DESs) have
emerged as sustainable alternatives to conventional ionic liquids. A DES
is typically formed by complexing a hydrogen bond donor (HBD) with a
hydrogen bond acceptor (HBA), producing a eutectic mixture with a
melting point far below that of each individual component [18]. The
typical DES exhibits many favorable properties in common with ionic
liquids, such as high ionic conductivity, low volatility, and thermal
stability, while offering additional advantages such as lower toxicity,
improved biocompatibility, and facile economical synthesis from readily
available precursors [19,20]. These features make DESs particularly
ideal candidates for next-generation, environmentally friendly ionic
thermoelectric systems, particularly in wearable electronics.

Recent studies have demonstrated the potential of thermoelectric
eutectogel (ETG) systems incorporating DESs as ionic thermoelectric
materials. For instance, Zhao et al. reported ETGs based on waterborne
polyurethane (WPU) and DES systmes such as choline chloride:ethylene
glycol (ChCLEG), choline chloride:glycerol (ChCl:Gly), and choline
chloride:urea (ChCl:Urea), to achieve thermopowers of 15.9, 13.4, and
12.1 mV K%, respectively [21]. Similarly, Chen et al. developed cellu-
lose nanofiber (CNF)-based ETGs using ChCLEG and ChCl:Urea, to
achieve thermopowers of 17.96 and 9.27 mV K’l, respectively [22].
While these studies highlight the tunability of performance via the
choice of HBD, the selection of a HBA has thus far remained largely
confined to ChCl. Therefore, an exploration of HBAs represents an
important direction for further improving the performance and versa-
tility of thermoelectric ETGs.

In the present study, a PVA-based ETG system is prepared without
the need for chemical crosslinkers, thereby ensuring low toxicity,
environmental sustainability, and suitability for wearable applications.
Glycerol is selected as the HBD to form a DES system. Due to the poor
compatibility between PVA and glycerol, the PVA chains adopt a folded
conformation within the gel, which enhances the mechanical strength of
the network. To systematically explore the influence of the HBA, three
halide-based HBAs are selected, namely: choline chloride (ChCl),
choline bromide (ChBr), and choline iodide (ChI). The aim of this study
is to identify viable alternatives to the widely used ChCl, with the goal of
optimizing both the thermoelectric performance and environmental
sustainability. Thus, the chaotropic nature of the selected halide anion is
found to significantly affect the solvent microstructure and polymer
chain conformation, while variations in viscosity and ionic size across
the DES systems lead to pronounced differences in thermoelectric per-
formance. Among the tested systems, the ChBr-based ETG (designated as
ETG-Br) exhibits the better performance, achieving an ionic conduc-
tivity of 63.33 mS cm ™! and a thermopower of 5.70 mV K. As sum-
marized in Table S2, the results indicate that the crosslinker-free ETG
obtained by the introduction of the ETG-Br HBA can achieve a compa-
rable performance to that of typical ETGs with crosslinkers. Further,
when this optimized material is used to fabricate an ionic thermoelectric
capacitor, an energy density of 2.3 mJ m 2 is demonstrated. For prac-
tical demonstration, the ETG-Br is integrated into a wearable thermo-
electric device that harvests body heat from the human wrist under
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ambient conditions. With a modest temperature gradient of only 6 K, the
device generates an output voltage of 32.0 mV. In brief, the superior
electrochemical and thermoelectric performance of ChBr not only sur-
passes that of the commonly used ChCl, but also retains the environ-
mental friendliness, safety, and ease of preparation inherent to DES-
based systems. These findings demonstrate that tuning the halide-
based HBA composition enables a balanced enhancement of ionic con-
ductivity and thermopower, providing a sustainable and promising
strategy for developing environmentally friendly DES-based ionic ther-
moelectric materials.

2. Experimental
2.1. Materials

Poly(vinyl alcohol) (PVA, M,,~146000-186000, 99+% hydrolyzed)
was obtained from Sigma-Aldrich. Choline chloride (ChCl, >98.0 %),
choline bromide (ChBr, >98.0 %) and choline iodide (ChI, >98.0 %)
were purchase from Tokyo Chemical Industry. Glycerol (C3HgO3, 99.0
%) was obtained from Showa Chemical Industry Co., Ltd. All chemicals
were used as received without further purification.

2.2. Sample preparation

To prepare the eutectogel, 1.36 g of PVA powder was dissolved in 10
mL of deionized water and stirred at 90 °C for 5 h to obtain a 12 wt%
PVA solution. Deep eutectic solvents (DES) were then prepared by
mixing choline salts (ChCl, ChBr, or ChI) with glycerol at a molar ratio of
1:2. To further lower the eutectic point, 15 wt% of deionized water was
added to the mixture, which was stirred at 65 °C for 1 h. The resulting
DES was then combined with the PVA solution at a weight ratio of 1:2
and stirred at 90 °C for 1 h. The mixture was poured into PTFE molds and
allowed to cool to room temperature. A single freeze-thaw cycle was
applied to the mixture, consisting of freezing at —15 °C for 20 h followed
by thawing at room temperature for 5 h, to form a stable eutectogel. The
synthesis procedure of the eutectogel is illustrated in Fig. S1, and the
detailed compositions of the eutectogels are listed in Table S1.

2.3. Ionic thermoelectric characterization

The ionic conductivity (6;) of the eutectogels was determined by
placing the samples between two platinum electrodes, with the bulk
resistance (R) measured via electrochemical impedance spectroscopy
(EIS) using a BioLogic SP-50e system. The o; was calculated using the
equation 6; = /(R x A), where [ is the thickness of the eutectogels and A
is the cross-sectional contact area. Thermopower (S;) was measured
using a custom-assembled setup featuring platinum electrodes (1.5 x
1.5 cm?) attached to the upper and lower surfaces of the sample holder.
The measurement was conducted in a relatively enclosed chamber with
the relative humidity of 30 %. A temperature gradient between 20 °C
and 40 °C was applied across the sample, and the corresponding ther-
moelectric voltage (AV) was recorded using a Keithley 2400A source-
meter. Thermal conductivity measurements were conducted using the
transient plane source (TPS) technique, employing a Hot Disk TPS 25008
thermal analyzer to determine the heat transport properties of the
samples.

3. Results and discussion
3.1. Design and synthesis of thermoelectric eutectogels

To advance the development of eco-friendly ETGs for wearable
thermoelectric applications, PVA was used as the polymer matrix, while
the use of chemical crosslinkers was deliberately avoided in order to
preserve the material’s environmental sustainability. Glycerol was
selected for its dual function as the HBD and as a poor solvent for PVA,
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Fig. 1. (a) Schematic illustration of the eutectogel structures. A magnified view reveals partial phase separation between glycerol and water domains within the
matrix, with further zoom-in highlighting the ion transport mechanism enabled by localized interactions among halide ions, water molecules, and polymer chains.
SEM images of (b) PVA hydrogel, (¢) ETG-Cl, (d) ETG-Br, and (e) ETG-I, highlighting morphological differences induced by halide variation.

thereby inducing partial folding of the PVA polymer chains within
water-rich domains. In turn, these folded regions acted as physical
crosslinking points, thereby enhancing the mechanical robustness of the
gel network [23]. Meanwhile, DESs were selected as an alternative to
conventional ionic liquids, which are often limited by toxicity concerns
and synthetic complexity. While previous studies on thermoelectric
ETGs have largely focused on tuning the composition of the HBD com-
ponents, the effects of varying the HBA composition remain compara-
tively underexplored. To address this knowledge gap, a series of DES
formulations was selected for the present study, including choline
chloride (ChCl), choline bromide (ChBr), and choline iodide (ChI), each
paired with glycerol. The aim of this study is to identify viable HBA
alternatives to the widely used ChCl, with the goal of optimizing both
the thermoelectric performance and environmental sustainability
[24-26].

As illustrated in Fig. S1 of the Supplementary Material and described
in detail in the Experimental Section, ETGs were synthesized by
blending an aqueous PVA solution with various DESs, including ChCl:
Gly, ChBr:Gly, and ChI:Gly, at a PVA: DES weight ratio of 2:1. Each
mixture was stirred at 90 °C for 1 h and subsequently subjected to a
single freeze-thaw cycle. The resulting materials were designated as

ETG-Cl, ETG-Br, and ETG-I, respectively, based on the halide species
used. For reference, a pure PVA hydrogel was also prepared under
identical thermal conditions but without the addition of DES. As shown
schematically in Fig. 1(a), the addition of the glycerol-based DES into
the PVA matrix triggers microphase separation, which is primarily
driven by the contrasting solvation behavior of PVA in water and glyc-
erol. While water acts as a good solvent for PVA, glycerol is a compar-
atively poor solvent, thus leading to preferential aggregation and
crystallization of PVA chains within water-rich domains. These discrete
crystalline regions serve as physical crosslinking points, reinforcing the
gel network and enhancing the mechanical robustness of the ETGs [23].
The addition of chaotropic ions disrupts the intrinsic hydrogen-bonding
network of water, thereby diminishing its tendency to maintain an or-
dered structure and weakening the hydrophobic effect of the DES. This
suppression of water structuring reduces the aggregation of hydrophobic
domains within the PVA matrix and weakens the intermolecular asso-
ciations between PVA chains. As a result, the polymer adopts a more
extended conformation with greater exposure of hydroxyl groups. From
a thermoelectric perspective, the electrostatic interactions between
halide anions and PVA hydroxyl groups hinder the anion mobility
relative to that of the more mobile choline cations, thereby affecting the
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Fig. 2. Mechanical properties of the PVA hydrogel and eutectogels. (a) Rheological behavior as a function of temperature (20-40 °C). (b) Stress-strain curves of

the samples.
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Fig. 3. (a) FTIR spectra of the PVA hydrogel and eutectogels. XPS spectra of (b) PVA hydrogel, (¢c) ETG-Cl, (d) ETG-Br, and (e) ETG-I.

selective ion transport that governs the thermodiffusion behavior. Under
an applied thermal gradient, this disparity in ionic mobility drives the
preferential thermodiffusion of positive charge carriers, thereby
yielding p-type thermoelectric behavior in the ETGs.

The microstructural features of the prepared ETGs are revealed by
the scanning electron microscopy (SEM) images in Fig. 1(b-e). The
pristine PVA hydrogel (Fig. 1(b)) displays a dense and compact
morphology with a smooth surface, which is characteristic of uniform
polymer chain entanglement and crystallization. By contrast, the ETG-Cl
(Fig. 1(c)) exhibits a more open, layered morphology featuring an
interconnected porous network. This type of morphology is known to
promote uniform mechanical stress distribution, thereby enhancing
both elasticity and toughness [27]. Notably, the microstructure becomes
increasingly irregular with the incorporation of heavier halide ions.
Thus, the ETG-Br (Fig. 1(d)) exhibits a more heterogeneous and disor-
dered porous morphology, which is indicative of less uniform phase
separation and crystallization, while the ETG-I (Fig. 1(e)) exhibits
clearly defined closed-pore structures that clearly contrast with the more
open and interconnected porous networks of the lighter halide-based
ETGs. For a clearer comparison, the corresponding pore size distribu-
tion statistics derived from SEM images have been provided in Fig. S2,
which further quantify the morphological differences and pore unifor-
mity among the ETGs. These variations in microstructure, driven by the
nature of the halide ion, are expected to directly influence the me-
chanical properties of the ETGs.

3.2. Mechanical property analysis

The structural robustness and flexibility of the as-prepared gels
under conditions relevant to thermoelectric operation are demonstrated
by the rheological and uniaxial tensile test results in Fig. 2. Thus, the
rheological profiles over the temperature range of 20-40 °C (Fig. 2(a))
indicate quasi-solid-state behavior for all samples. This is evidenced by

the storage modulus (G') being consistently greater than the corre-
sponding loss modulus (G"), which is indicative of an elasticity-
dominated mechanical response [28-30]. Quantitatively, the pristine
PVA hydrogel exhibits a G’ value of 14.3 kPa, whereas the incorporation
of a DES leads to a significant enhancement in mechanical rigidity, with
increased G’ values of 329.7, 113.6, and 78.5 kPa for the ETG-CI,
ETG-Br, and ETG-I, respectively. These pronounced increases in the
storage modulus reflect the reinforcing effects imparted by the DES
components, particularly the glycerol-halide combinations. Similarly,
the uniaxial tensile test results in Fig. 2(b) reveal a dramatic increase in
maximum tensile stress, from 22.6 kPa for the PVA hydrogel to 1201.8,
807.1, and 697.8 kPa for the ETG-Cl, ETG-Br, and ETG-I, respectively.
These results highlight the outstanding mechanical strength achieved in
the ETGs [31,32]. Additionally, all samples also exhibited extensibility,
with strain-at-break values of 218.5 % (PVA hydrogel), 318.7 %
(ETG-Cl), 287.5 % (ETG-Br), and 277.7 % (ETG-I).

The enhanced mechanical performance of the ETGs can be primarily
attributed to the presence of glycerol in the DES, which induces
microphase separation within the aqueous PVA matrix. This phase
behavior promotes the folding and crystallization of PVA chains in
water-rich regions, thereby forming physical crosslinking domains that
strengthen the gel network [33]. Moreover, the type of halide anion
plays a critical role in determining the mechanical properties of the
ETGs. Consistently with the above SEM observations, the ETG-Cl ex-
hibits a well-organized, interconnected porous microstructure that
promotes uniform mechanical stress transfer, thereby enhancing its
tensile strength and toughness. By contrast, the ETG-Br presents a more
heterogeneous and discontinuous porous morphology, thereby limiting
uniform stress distribution and resulting in lower mechanical rein-
forcement relative to the ETG-Cl. Similarly, the ETG-I contains closed,
irregular domains that further impede the effective distribution of me-
chanical stress and impair the formation of a robust crosslinked network,
which further reduces its capacity to sustain mechanical loads.
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Fig. 4. SAXS profiles of (a) PVA hydrogel, (b) ETG-C], (¢) ETG-Br, and (d) ETG-I. (e) Schematic illustration of the hierarchical polymer agglomerate structure,
indicating two distinct levels of organization characterized by radii of gyration Rg; and Rgo.

In brief, the incorporation of a DES into the PVA hydrogel matrix
dramatically improves the mechanical properties of the resulting ETGs.
The combination of high tensile strength, large elongation at breaking
point, and elasticity-dominated rheological behavior demonstrates that
these gels can effectively withstand mechanical deformation while
maintaining structural integrity. These favorable balanced mechanical
characteristics are particularly advantageous for applications in flexible
electronics and wearable devices, where mechanical durability and
conformability are critical performance requirements.

3.3. Spectroscopic and structural characterization

The molecular-level interactions between the DES and PVA matrix
are elucidated by the following Fourier-transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD) results. These complementary techniques make it possible to
examine how the various halide anions affect the hydrogen bonding
network and electronic environment of hydroxyl groups within the PVA
backbone. First, the FTIR spectra of the pristine PVA hydrogel and
various ETGs in the wavenumber range of 4000-1000 cm™! are pre-
sented in Fig. S3, while an enlarged view in the narrower range of 4000-
2500 cm ™! is presented in Fig. 3(a) to facilitate a clearer comparison of
the O-H stretching region. Thus, all samples exhibit a broad absorption
band corresponding to the hydroxyl (O-H) stretching vibrations origi-
nating from both the water molecules and PVA, and this band undergoes
a systematic blue shift from 3370.0 cm™! for the pristine PVA hydrogel
to 3373.6, 3378.1, and 3388.1 cm ™ for the ETG-Cl, ETG-Br, and ETG-],
respectively (Fig. 3(a)). These shifts indicate a progressive weakening of
hydrogen-bonding interactions involving hydroxyl groups due to the
increasing chaotropic nature of the halide anions (CI” < Br™ < I7). The
more chaotropic anions (Br~ and I7) disrupt the water’s hydrogen-
bonding network, thereby suppressing the formation of a hydration
shell around the hydrophobic regions of the PVA. This weakens the
hydrophobic effect of the DES, thus leading to more expanded polymer
chains and reduced intermolecular hydrogen bonding. This, in turn,
leads to higher O-H stretching frequencies [34]. Conversely, in the
pristine PVA hydrogel, abundant hydroxyl groups enable the formation
of a dense and entangled hydrogen-bonding network. The incorporation
of halide anions with low hydration enthalpies destabilizes this network
by weakening the water-water interactions and promoting solvation of

the PVA by free water. As a result, the polymer chains adopt a more
expanded conformation, as previously reported in systems with chaot-
ropic additives that disrupt supramolecular order [35-37].

The changes in local chemical environment are further confirmed by
the XPS results in .Fig. S4 and S5 Specifically, the full survey spectra in
Fig. S4 confirm the presence of C, O, and the corresponding halide ions,
while the halogen-specific core-level spectra in Fig. S5 confirm the
successful incorporation of CI~, Br~, and I" into the gel matrices during
synthesis. Further, the O 1s core-level spectra of the various ETG sam-
ples are presented in Fig. 3(b-e), where a systematic shift in binding
energy is observed, from 532.23 eV for the pristine PVA to 532.21,
532.08, and 532.04 eV for the ETG-Cl, ETG-Br, and ETG-I, respectively.
The largest shift is observed in the ETG-I, which suggests the most
pronounced alteration in the local electronic environment, and is
consistent with a decrease in hydrogen-bonding participation by the
oxygen atoms and a corresponding increase in local electron density.

The effect of DES incorporation on the long-range structural ordering
is revealed by the XRD results in Fig. S6. There, the pristine PVA
hydrogel exhibits a prominent diffraction peak at 26 ~28.1°, which is
attributed to the (200) plane of the semi-crystalline domains, along with
a minor peak at 20 ~ 41.1°, associated with secondary packing or minor
crystalline inclusions [38]. Upon DES incorporation, the intensity of the
primary diffraction peak decreases and shifts slightly toward lower an-
gles, thereby indicating reduced crystallinity and increased interplanar
spacing. This effect is most pronounced for the ETG-I, followed by the
ETG-Br and ETG-Cl, which is consistent with the relative chaotropic
capacities for the disruption of hydrogen bonding and ordered packing.

Taken together, the above FTIR, XPS, and XRD results reveal that
chaotropic halide anions disrupt the hydrogen bonding and hydration
shells of water around the PVA, thereby reducing the hydrophobic effect
of the DES. This leads to chain expansion, along with weakening of the
hydroxyl interactions and alterations in the polymer conformation and
electronic environment. In particular, the I", possessing the strongest
chaotropic character among the halides, induces the most significant
structural rearrangement and disorder in the polymer network of ETG-I.
These molecular-level insights demonstrate the critical role of halide
anion identity in shaping the microenvironment of the ETG network,
thereby influencing the mechanical properties of the resulting materials.



Y.-S. Jheng et al.

(@) (b)

Materials Today Energy 54 (2025) 102105

~70 60 0
'E I PVA hydrogel R o PVA hydrogel

G 60 - 50} | -10
7)) TG-Br I ¢ ETG-Br
ESO ° a0} -20

2 g |- ’ >
=" a0l E0

3 B ¢ >

g 30 N <40

T 20}, °

€20

=] ° 9 -50

o

010} 10 re B o ETG-Br
c 3 60} E1
S, N T P e

0 50 100 150 200 250 300 350 400 0 2 4 6 8 10 12
(d) (e) Z'(@ (f) aT(K)
7 0.6 0.18
4 Il PVA hydrogel

< 6lmercs E METG-Br | mEToB

W d 3 05 0.15 ,

>sl t 2

gs 204 I 012}

1 .

3 03 S 0.09f

231 -

] 0 0.2 0.06

E 2r l o

o ©

£1| g 0.1 0.03}

[= I =

£ 1 -
0 £0.0 0.00

Fig. 5. Thermoelectric properties of the PVA hydrogel and eutectogels: (a) ionic conductivity, (b) Nyquist plots from EIS analysis, (c) AV-AT plot, (d) thermopower,

(e) thermal conductivity, and (f) 2T; value.

3.4. Small-angle x-ray scattering characterization

The nanostructural organization of the pristine PVA hydrogel and
various ETGs is systematically revealed by the small-angle X-ray scat-
tering (SAXS) results in Fig. 4(a—d) and the corresponding quantitative
fitting parameters in Table S3. Here, the hierarchical architecture of the
gel network is analyzed by using the Beaucage model, which is an
established multiscale approach for interpreting a variety of polymer
morphologies, ranging from random coils to complex aggregated
structures [39,40]. The Beaucage model combines Guinier and
power-law scattering contributions, and is expressed as Eq. (1):

N R
I(q) = I+ » Giexp( 3g1>+Biexp<

i=1

3, P
qRgi
_ qué(Hl)) % |:erf<ﬁ ):| 1
3 q

where G;j is the Guinier prefactor, B; is the power-law coefficient, Rg; is
the radius of gyration, which characterizes the spatial distribution of
scattering domains, P; is the fractal dimension, and the subscript i dis-
tinguishes between different hierarchical levels of structural organiza-
tion. In this analysis, two distinct structural hierarchies are analyzed,
including: the 1st level (i = 1), which spans the low-q range of
0.0015-0.01 A~! and corresponds to global and large-scale clusters, and
the 2nd level (i = 2), which covers the high-q range of 0.01-0.1 A~! and
reflects local or secondary structural features.

The agglomerate architecture is schematically represented in Fig. 4
(e) as a mass-fractal network, where large clusters with gyration radius
Ry are assembled from the hierarchical aggregation of secondary par-
ticles characterized by gyration radius Rg». These secondary particles are
composed of polymer chains, and the conformational states and packing
characteristics are examined across different hierarchical levels of the

structure [41]. At 1st level, Rg; progressively increases from 114.6 nm
for PVA hydrogel to 116.2, 118.7, and 161.2 nm for ETG-Cl, ETG-Br,
ETG-I, respectively. This trend indicates that the incorporation of
increasingly chaotropic halide anions induces a substantial expansion of
the polymer network. The increase in Ry results from the disruption of
water’s hydrogen bonding by chaotropic anions, which reduces hydro-
phobic effects of the DES and enables the PVA chains to adopt a more
extended conformation. As a result, the PVA chains undergo confor-
mational changes and extension, thereby enlarging the overall cluster
dimensions. Similarly, at the 2nd structural level, the Ry increases from
11.2 nm in the PVA hydrogel to 15.6 nm in ETG-I, thereby indicating
parallel expansion of local polymer domains as the strength of
halide-induced disruption increases. These findings indicate that both
global aggregates and nanoscale domains become progressively more
expanded in the presence of more chaotropic halides.

The fractal dimensions (P; and P) derived from the Beaucage fits
(Table S3) quantify the mass fractal characteristics of the global and
local structures. Notably, the ETG-I exhibits lowest fractal dimensions
(P = 2.0, Py = 2.6), which is consistent with a looser and rougher fractal
morphology. Conversely, the ETG-Cl (P; = 3.0, P, = 3.2) and ETG-Br (P;
= 2.9, P, = 3.3) display higher fractal dimensions, thereby indicating
more compact and smoother hierarchical structures. This behavior can
be explained by the weaker hydration of I” anions (the most chaotropic
of the three halides) and their the disruption of the hydrogen-bonding
network of water. The resulting environment facilitates greater PVA
chain expansion and disrupts ordered packing. These observations
highlight the important role of halide anion identity in modulating the
hierarchical architecture of PVA-based gel networks. The progression
from C1™ to I leads to increasing structural expansion at both global and
local scales, thereby reflecting the fundamental influence of ion-polymer
interactions on gel nanostructure.

The thermal stability of each sample under relevant operating con-
ditions is revealed by the temperature-dependent SAXS measurements
in Fig. S7. Here, all of the samples retain consistent SAXS profiles at
temperatures of up to 40 °C, thereby confirming the structural integrity
of the gels within the temperature range used for thermoelectric
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characterization. Accordingly, all subsequent thermoelectric measure-
ments were conducted at or below 40 °C to preserve the native nano-
structures and ensure accurate evaluation of the material performance.

3.5. Thermoelectric property analysis

The thermoelectric performances of the PVA hydrogel and various
ETGs are evaluated by the following ionic conductivity (o;), thermo-
power (Sj), thermal conductivity (x) measurements, along with the
corresponding ionic figure of merit (2T;) values, as summarized in
Table S4. These metrics provide a comprehensive assessment of the ionic
thermoelectric energy conversion capabilities of the materials. The ionic
conductivities of the various samples are derived from the electro-
chemical impedance spectroscopy (EIS) and corresponding Nyquist
plots in Fig. 5(a and b), respectively. Here, it can be seen that the
incorporation of a DES leads to a significant increase in ¢j, from 1.52 mS
cm ™! for the pristine PVA hydrogel to 50.74, 63.33, and 53.44 mS cm ™
for the ETG-Cl, ETG-Br, and ETG-I, respectively. Among the ETGs, the
relatively low conductivity of the ETG-CI can be attributed to the higher
viscosity of the ChCl:Gly system (Fig. S8), which restricts ion mobility
[42]. Meanwhile, the larger ionic radius of I" introduces steric hin-
drance that impedes migration, thereby resulting in elevated resistance
and, hence, only a moderate increase in o; relative to that of the ETG-Cl
[43]. By contrast, the ETG-Br exhibits the highest conductivity of all,
thereby suggesting a favorable combination of relatively low viscosity in
the ChBr:Gly system and the moderate ionic size of Br™~, each of which
promote efficient ion transport. These results demonstrate that both
viscosity and steric factors play critical roles in governing ionic transport
within ETG matrices.

The thermopower or ionic Seebeck coefficient (S;), quantifies the
voltage generated per unit temperature difference, and is defined by Eq.
(2):

AV V(Ty)-V(To)

= = Tne) 2
S =7aT Ty Tc @

where V(Ty) and V(T¢) represent the respective voltages at the hot and
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cold ends, and AT = |Ty-T¢| is the applied temperature graident be-
tween these two ends. Thus, the S; values can be obtained from the
slopes of the AV-AT plots in Fig. 5(c). As shown in Fig. 5(d), the ETG-Br
exhibits the highest S; of 5.70 mV K2, followed by the ETG-Cl at 1.80
mV K~ ! and the ETG-I at 0.78 mV K. The magnitude of S; is strongly
influenced by the differential transport of cations and anions, which in
turn depends on ion-polymer interactions with the matrix.

To further elucidate these effects, electrostatic potential (ESP)
mapping and density functional theory (DFT) calculations were per-
formed to visualize charge distributions and assess potential halide-PVA
binding characteristics. Despite possible interference from surrounding
water molecules, the ESP maps in Fig. SO indicate that halide ions with
negative electrostatic potential preferentially interact with the posi-
tively polarized hydroxyl groups on the PVA monomer. Meanwhile, the
DFT results in Fig. 6 reveal negative binding energies of —91.07,
—72.66, and —30.97 kJ mol ! between the PVA monomer and C1~, Br,
and I”, respectively. By contrast, the DFT results in Fig. S10 indicate a
positive binding energy of 174.78 kJ mol ! between Ch* and the PVA
monomer, thereby indicating that the combined system is energetically
less stable than the isolated components (i.e., their interaction is weak
and unfavorable) [44]. It should be noted that these DFT calculations
were performed using a simplified cluster model containing PVA, Ch™,
and halide anions to capture the dominant coordination features. While
the actual eutectogel environment also includes glycerol and water
molecules, previous studies have shown that such solvent species pri-
marily induce minor modulation through hydrogen-bond competition or
dielectric screening rather than fundamentally altering the intrinsic
binding hierarchy [45]. Accordingly, while the absolute binding
strength may be slightly adjusted in the presence of glycerol and water,
the relative halide-PVA affinity trend (CI~ > Br~ > I") remains reliable
and consistent with the experimental thermoelectric behavior of the
ETGs. Consequently, Ch™ is more likely to remain mobile within the
matrix, thereby facilitating its diffusion under a thermal gradient and
contributing to the observed p-type thermoelectric behavior in the ETGs.
In terms of different halide ions, although Cl~ demonstrates the stron-
gest binding interaction with PVA monomer, its effect on S; is limited by
the high viscosity of the ChCl:Gly medium. This elevated viscosity in-
creases the driving force required for ion transport, thereby restricting
the mobility of Ch™ and suppressing differential ion migration. By
contrast, I” displays the weakest binding due to its large ionic radius and
low charge density, thus resulting in insufficient ion-gel interactions and
minimal ion-selective diffusion under a thermal gradient, which leads to
the lowest S; value. Meanwhile, the ETG-Br achieves the most favorable
balance between polymer interaction strength and ionic mobility. The
moderate binding energy of Br~ supports selective association with the
PVA matrix, while the lower viscosity of the ChBr:Gly system facilitates
effective ion transport. This synergistic effect enables efficient differ-
ential ion diffusion, thereby resulting in the highest S; value among the
tested samples.

As shown in Fig. 5(e), the thermal conductivity () also varies among
the samples. As the polymer matrix is the primary medium for phonon
transport, structural changes induced by halide anions exert a direct
influence on «. Based on the SAXS analysis, I" induces the greatest
disruption in polymer packing due to its strong chaotropic nature, thus
resulting in a looser, more disordered structure. This effectively impedes
thermal transport and yields the lowest « value of 0.38 W m™! K™! for
the ETG-I. By comparison, the ETG-Br and ETG-Cl each exhibit a slightly
higher « value of 0.46 W m~! K™}, which is attributed to their relatively
more ordered internal structures. Meanwhile, the efficiency of each
ionic thermoelectric gel is ultimately quantified by the dimensionless
ionic figure of merit (27T), as expressed in Eq. (3):

_O'i SiZT
B K

As shown in Fig. 5(f), the ETG-Br achieves the highest 2T; value of
0.14 at room temperature, surpassing those of the ETG-Cl and ETG-L.
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Fig. 7. (a) Conceptual diagram illustrating the four-stages working mechanism of the ionic thermoelectric capacitor. (b) Voltage-time response under a 5 K tem-
perature gradient and a 10 kQ external load, correlated with the four operational stages. (c) Voltage decay curves and (d) calculated energy density for various

external resistances.

This enhanced performance is attributed to the optimal balance of
properties in the Br -based system, including moderate viscosity,
favorable halide-polymer interactions, and efficient ionic mobility
asymmetry between cations and anions. Furthermore, as summarized in
Table S2, the addition of a HBA in the ETG-Br formulation enables the
crosslinker-free gel to achieve a comparable thermoelectric performance
to that of typical ETGs with chemical cross-linkers. These results high-
light the potential of tailored halide selection and eutectic composition
as effective strategies for optimizing DES-based thermoelectric materials
without relying on permanent chemical crosslinking.

3.6. Ionic thermoelectric capacitor

To further evaluate the thermoelectric capacitive performance of the
ETG-Br, an ionic thermoelectric capacitor device was fabricated by
sandwiching the ETG-Br gel between two platinum electrodes. The
operating principle of this device is illustrated in Fig. 7(a and b), which
depict a four-stage thermal charging-discharging cycle. In the first stage,
the application of a 5 K temperature gradient induces thermodiffusion of
ionic species within the gel. Due to the differences in mobility between
the cations and anions, selective ionic diffusion occurs under a tem-
perature gradient, thus resulting in charge separation and the accumu-
lation of ions near the electrodes. This leads to the formation of an
electric double layer at the electrode-gel interface [46]. Consequently,
an open-circuit voltage develops, reaching approximately —25.2 mV. In
the second stage, connection of a 10 kQ external load initiates a rapid
voltage decay as charge flows through the external circuit and electrons
and holes are injected into the respective electrodes to compensate for
the thermally accumulated cations and anions [47]. In the third stage,
after removal of both the thermal gradient and the external resistor, the
ion species within the gel tend to return to their initial homogeneous
distribution. Consequently, electrons and holes remain trapped at the
respective electrodes, thereby yielding a voltage of opposite polarity

relative to the first stage. Finally, in the fourth stage, reintroducing the
external resistor leads to gradual neutralization of the accumulated
charges, which causes the voltage difference to decay back toward zero
[48,49].

To systematically investigate the charge-discharge dynamics, a range
of external resistances was applied during the second stage, with the
corresponding responses presented in Fig. 7(c). The results indicate that
increasing the external resistance progressively slows the rate of voltage
decay. This behavior is because a larger resistance limits the current
flow, thereby reducing the rate at which stored charges are dissipated
and allowing the voltage to be maintained over a longer duration. These
findings highlight the tunability of the discharge behavior through
impedance matching.

The energy storage performance of the device can be quantified by
calculating the energy density (E), using Eq. (4) [50].

E:fuz/Rdt

Y 4

where U denotes the applied voltage, R is the external resistance, and A
represents the cross-sectional area of the gel. As shown in Fig. 7(d),
optimal impedance matching is achieved with an external resistance of
150 kQ, thus resulting in a maximum energy density of 2.3 mJ m~2. This
result demonstrates the promising potential of the ETG-Br-based ionic
thermoelectric capacitor for energy storage applications.

3.7. Wearable device application

To demonstrate its practical feasibility for real-world applications,
the optimal ETG-Br formulation was integrated into a prototype ther-
moelectric device and tested under conditions that were designed to
mimic wearable application scenarios. Specifically, the device was
configured such that its hot side was placed in direct contact with the
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Fig. 8. (a) Schematic representation of the wearable thermoelectric device placed on the wrist, generating thermal voltage from a wrist-environment temperature

gradient (~6.0 °C). (b) Infrared thermal images of the device during operation.

human wrist, while the cold side remained exposed to ambient air,
thereby establishing a temperature gradient across the gel and enabling
thermoelectric voltage generation. To ensure reliable and conformal
electrical contact with the wrist, flexible nickel-platinum electrodes
were employed at both the hot and cold interfaces, thereby providing
stable and low-resistance electrical connections throughout the testing
process. As illustrated in Fig. 8(a and b), this wearable configuration
enables the device to generate an open-circuit thermoelectric voltage of
32.0 mV under a modest temperature difference of only 6 °C. These
results provide compelling evidence for the potential of ETG-Br as a
functional material for skin-conformal, environmentally friendly, low-
grade heat harvesting thermoelectric devices. Moreover, the demon-
strated performance underscores the potential of the DES in the devel-
opment of efficient thermoelectric materials. The ETG-Br achieves a
well-balanced combination of viscosity, halide-polymer interactions,
and ionic size, which collectively promote selective ion diffusion and
enhance the thermoelectric performance. These attributes position the
ETG-Br as a promising candidate for next-generation wearable energy-
harvesting applications. Future studies could explore the integration of
ETG-Br into a wider range of energy-harvesting scenarios beyond
wearable devices, such as low-grade industrial waste heat recovery or
smart building applications. Additionally, further tuning of DES
composition and polymer matrix could enable optimization of ion
transport and mechanical properties, offering versatile strategies for
designing sustainable and efficient thermoelectric materials.

4. Conclusions

Herein, an environmentally friendly eutectogel (ETG) was success-
fully developed by directly blending polyvinyl alcohol (PVA) with a
deep eutectic solvent (DES), thereby promoting material sustainability
and facile processability. Glycerol served as the hydrogen bond donor
(HBD), while choline chloride (ChCl), choline bromide (ChBr), and
choline iodide (ChI) acted as hydrogen bond acceptors (HBAs) to form
the various DES systems. The specific identity of the HBA was found to
markedly influence the polymer conformation, ion transport behavior,
and thermoelectric properties of the ETG. Specifically, the distinct
chaotropic characteristics of the halide anions modulated the DES
microstructure by altering the hydrogen bonding network and inducing
conformational transitions in the PVA chains. Spectroscopic and scat-
tering analyses revealed that I, with the strongest chaotropic effect,
most effectively disrupted hydrogen bonding and reduced the crystal-
linity. However, the large ionic radius of I hindered the ion mobility.
Meanwhile, Cl™ exhibited strong binding interactions with the PVA
monomer, along with enhanced ion selectivity, but limited the ionic
transport due to the high viscosity of the ChCl-based system. Among the
evaluated systems, the ChBr-based DES achieves an optimal balance
between ion mobility and polymer coordination, providing distinct
structural and transport advantages over the conventional ChCl-based
system. Consequently, the ChBr-based ETG (designated as ETG-Br)

exhibited the highest ionic conductivity and thermopower of 63.33
mS cm™! and 5.70 mV K}, respectively. Additionally, the ETG-Br
maintained robust mechanical stability, supporting a consistent and
reliable thermoelectric performance. When implemented in an ionic
thermoelectric capacitor, the ETG-Br achieved an areal energy density of
2.3 mJ m 2 and generated an output voltage of 32.0 mV under a 6 °C
temperature gradient in a wearable device configuration. Overall, these
findings establish the ChBr-based DES system as a promising and well-
balanced design for thermoelectric ETGs, offering a synergistic combi-
nation of ionic conductivity, thermopower, mechanical integrity, and
sustainable processability for heat-harvesting applications.
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