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ABSTRACT: Thermally chargeable supercapacitors (TCSCs)

have emerged as a promising platform for harvesting low-grade low-grade
waste heat; however, their practical implementation remains limited waste-heat
by electrolyte dehydration, poor mechanical durability, and low

energy output. Herein, we report a stretchable and self-healing ther- S
mally chargeable hybrid supercapacitor (TCHS) comprising a ——
redox-active NiMn-layered double hydroxide (NiMn-LDH) Tomperature gradiont
electrode and a hydroxyl-rich PSSH/SOR/PVA solid polymer elec- NMLDH  q—  Corbon
trolyte. Incorporation of p-sorbitol establishes a dynamic hydrogen- Soret + Thermogalvanic ,
bonding network that enhances water retention (>90% after 60 h) g g
while providing high ionic conductivity (6.09 mS-cm™), autono- %-H:U -}J BD = \:]J [ {

mous self-healing (88% electrical recovery), and mechanical stretch- SiLh ing Eydrtion bl
ability up to 350%. The hybrid thermal-charging mechanism

combines ion-selective Soret diffusion within the electrolyte with redox-assisted thermoelectrochemical processes at the NiMn-LDH
electrode. Under an applied temperature gradient, the hybrid device exhibits an ionic Seebeck coefficient of 2.06 mV-K ™", representing
a 21.18% enhancement compared with the symmetric NF//NF configuration (1.70 mV-K ™). The enhanced thermoelectric response
is attributed to the synergistic coupling of thermally driven ion migration and temperature-dependent interfacial redox processes.
Under a temperature difference of 15 K, the device continuously harvested thermal energy and delivered a cumulative areal energy
output of 8742 J.-m > over 24 h, corresponding to a ~29-fold improvement relative to the symmetric configuration. These findings
demonstrate that integrating redox-active electrodes with mechanically robust polymer electrolytes provides an effective strategy for
simultaneous thermal energy harvesting, charge storage, and flexible energy-conversion applications.

KEYWORDS: NiMn-LDH electrode, Soret effect, self-healing, stretchability, thermally chargeable hybrid supercapacitor
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1. INTRODUCTION temperature gradient induces directional ion migration via the
Soret effect, resulting in ion accumulation and the generation
of a thermally induced voltage.*'* Compared with electronic
thermoelectric devices, ionic thermoelectric devices can exhibit
Seebeck coefficients several orders of magnitude higher, typi-
cally in the mV-K™' range, making them particularly appealing
for low-temperature heat harvesting.%” Recent studies have
demonstrated substantial progress in ionic thermoelectric mate-
rials and device engineering, including polarized polymer
electrolytes, redox-coupled thermogalvanic systems, and
hybrid thermally chargeable architectures. These advances

The increasing demand for greenhouse reduction and energy
efficiency enhancement has intensified interest in technologies
capable of harvesting low-grade waste heat generated ubiqui-
tously in industrial processes, electronic devices, and the human
body; however, efficient conversion of low-grade heat
(<100 °C) into usable electrical energy remains a major chal-
lenge."” Although conventional thermoelectric generators
based on the electronic Seebeck effect have been extensively
investigated, their practical deployment in low-temperature
gradient conditions remains limited owing to intrinsically
low Seebeck coefficients (typically on the order of tens of
pV-K™"), high thermal conductivity, and the mechanical proper- Received: June 30, 2026 P —
ties of inorganic thermoelectric materials such as Bi,Te;, PbTe, Revised:  July 15, 2026 '
and SiGe. These limitations restrict their applicability in flexible, Accepted: July 17, 2026
lightweight, and real-world energy harvesting systems.* Published: July 29,2026
To address these challenges, ionic thermoelectric systems
have recently emerged as an alternative approach for low-
grade heat-to-electric energy conversion.”” In these systems, a
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have highlighted that beyond electrolyte optimization, elec-
trode design and interfacial redox engineering play equally
important roles in improving ionic thermopower, accelerat-
ing charge-transfer kinetics, and enhancing thermal-to-
electrical energy conversion efficiency.'*'” Such findings
strongly motivate the development of advanced redox-
active electrodes capable of synergistically coupling ion-
selective thermodiffusion with thermally responsive faradaic
processes. Based on their dominant energy-conversion mech-
anism, ionic thermoelectric systems can generally be classi-
fied into three categories. The first category comprises
Soret-driven ionic thermoelectric capacitors, where thermo-
voltage originates from jon-selective thermodiffusion under
an applied thermal gradient, leading to concentration polari-
zation. The second category includes  thermo-
electrochemical cells (thermogalvanic cells), in which
entropy-driven redox reactions between thermally asymmet-
ric electrodes generate electrical potential through
temperature-dependent redox equilibrium shifts. More
recently, hybrid thermally chargeable systems have emerged,
integrating ionic thermodiffusion with interfacial redox-
assisted thermoelectric conversion to enhance thermal-to-
electrical energy harvesting efficiency. Unlike conventional
thermogalvanic cells, which rely on dissolved redox couples
in liquid electrolytes, these hybrid solid-state systems localize
redox activity at the electrode/electrolyte interface, enabling
improved mechanical stability, structural integration, and
multifunctionality. This emerging hybrid strategy offers a
promising pathway toward next-generation mechanically
adaptive thermally chargeable energy-storage devices.'®>°

Thermally chargeable supercapacitors (TCSCs) address this
limitation by coupling thermal-energy conversion with electro-
chemical charge storage. Early TCSC studies primarily
employed liquid electrolytes, wherein the thermally induced
voltage originated solely from the Soret effect.”"** Although
these systems demonstrate the fundamental feasibility of ther-
mal charging, their practical application has been hindered by
rapid power decay during discharge, relatively low energy den-
sity, potential electrolyte leakage, and limited environmental
stability.”! 2° More recently, incorporation of redox-active elec-
trodes has been proposed as an effective strategy to address
these limitations. By coupling the Soret effect with
temperature-sensitive redox processes at the electrode/electro-
Iyte interface, enhanced thermoelectric performance has been
proposed.”* ¢ LDHs are attractive because their reversible
transition-metal redox chemistry may contribute to temperature-
dependent electrochemical potential while simultaneously provid-
ing high pseudocapacitive charge-storage capability.”*

Although this approach improves energy density, consider-
ations regarding mechanical and environmental stability of con-
ventional electrolytes remain. Liquid electrolytes present
inherent risks associated with leakage and evaporation, whereas
solid electrolytes often exhibit fragility and low stretchability.””
To bridge this gap, polymer-based electrolytes have emerged
as a promising solution, offering mechanical flexibility, process-
ability, and improved environmental tolerance.”®** However,
achieving a balanced combination of high ionic conductivity,
low thermal conductivity, mechanical stretchability, and long-
term hydration stability within a single solid-state electrolyte
remains challenging. Furthermore, the mechanical durability
and damage tolerance, which are critical for real-world opera-
tion, are often overlooked in the design of TCSCs.
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This study addresses these challenges by developing a ther-
mally chargeable hybrid supercapacitor (TCHS) that combines
ion-selective thermodiffusion with a redox-active electrode
architecture. A battery-type NiMn-LDH electrode is integrated
with a hydroxyl-rich PSSH/SOR/PVA electrolyte to enable effi-
cient ionic transport under mechanical deformation. The per-
formance of the proposed architecture is enabled by two key
design features. First, D-sorbitol is incorporated to regulate the
hydration environment of the polymer electrolyte through
dynamic hydrogen-bonding interactions, thereby improving
water retention, maintaining high ionic conductivity
(6.09 mS-cm™), and enabling autonomous self-healing with
88% recovery. By combining stretchability with stable ionic
transport, the PSSH/SOR/PVA electrolyte provides a mechan-
ically resilient platform for thermally chargeable energy-storage
devices, a capability that remains largely unexplored in previous
TCSC systems. Second, the redox-active NiMn-LDH electrode
may contribute temperature-dependent electrochemical pro-
cesses in addition to ionic thermodiffusion, leading to an
enhanced thermoelectric response. The hybrid device exhibits
a Seebeck coefficient of 2.06 mV.K', representing a
21.18% enhancement over the symmetric NF//NF configura-
tion, corresponding to an areal energy output of 8742 J-m™
under a temperature difference of 15 K. These results demon-
strate a promising strategy for integrating thermal-energy har-
vesting, electrochemical energy storage, and mechanical
durability within a single solid-state platform for autonomous
and wearable electronic systems.

2. METHODOLOGY
2.1. Materials and Characterization

Nickel nitrate hexahydrate (Ni(NO,),-6H,0, 98%), manganese nitrate
tetrahydrate (Mn(NO;),-4H,0, 98%), urea (99%), poly(vinyl alco-
hol) (PVA, Mw 89,000-98,000, 99% hydrolyzed), poly(styrene sul-
fonic acid) (PSSH, 30 wt % in H,0), and p-sorbitol (>98%) were
purchased from Sigma-Aldrich and used as received without further
purification. Deionized water was used in all experiments.

The crystal structures of the NiMn-LDH electrodes were analyzed
using X-ray diffraction (XRD, Malvern Panalytical). The surface mor-
phology and microstructural features were examined employing field-
emission scanning electron microscopy (FE-SEM, Hitachi).
Electrochemical measurements, including CV, GCD, and EIS, were
performed utilizing a Zive MP2A (WontATech) electrochemical
workstation.

2.2. Preparation of Redox and Carbon Electrodes

The NiMn-LDH electrode was fabricated via simple hydrothermal syn-
thesis using nickel foam as the current collector as shown in Scheme 1.
Prior to synthesis, the nickel foam substrates were cleaned in hydrogen
chloride, ethanol, and deionized water, followed by drying under
60 °C. NiCl,-6H,0 and MnCl,-4H,0 were dissolved in DIW with
HMT and urea as hydrolysis agents to form a homogeneous solution.
The cleaned Ni foam was immersed in the prepared solution and
sealed within a Teflon-lined autoclave. The hydrothermal reaction
was conducted at the 120 °C for 12 h to promote in situ growth of
NiMn-LDH on the nickel foam surface. After the reaction, the
obtained electrodes were thoroughly washed with DIW and ethanol
and dried at 60 °C overnight. A carbon electrode was fabricated using
TWCNT as the active material. The TWCNTSs were mixed with car-
bon black and PvdF in a weight ratio of 8:1:1 using NMP solvent to
form a uniform slurry. The slurry was coated on the nickel foam sub-
strate and dried at 60 °C for 12 h to remove the solvent (Scheme 2).
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Scheme 1. Synthesis of the NiMn-LDH Electrode
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Scheme 2. Synthesis of the Carbon Electrode
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Subsequently, an oxygen plasma treatment (13.56 MHz, 100 W,
3 min) was applied to enhance the surface hydrophilicity.

2.3. Synthesis of Polymer Electrolyte

The polymer electrolyte was prepared by simultaneously stirring
PSSH, PVA, and p-sorbitol in DIW at 80 °C under magnetic stirring.
Fixed amounts of PSSH (11 g) and PVA (0.5 g) were employed, while
the p-sorbitol content was varied relative to PSSH, corresponding to
PSSH:D-sorbitol mass ratios of 10:1, 10:0.7, and 10:0.5, enabling sys-
tematic investigation of the influence of sorbitol content on electrolyte
properties. The resulting electrolytes were denoted as SOR1, SORO0.7,
and SORO.5. All components were added concurrently into DIW and
subjected to magnetic stirring at a constant temperature for 2 h until
a homogeneous, transparent, orange solution was obtained. The result-
ing solution was cast into a rectangular mold and dried at 60 °C for
24 h to form polymer electrolyte. The fabrication process for electro-
Iyte of the TCHS is illustrated in Scheme 3.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization of the NiMn-LDH Electrode

The crystal structure of the synthesized NiMn-LDH electrode
was investigated via X-ray diffraction (XRD) to confirm phase
formation and layered characteristics. The diffraction pattern
exhibits distinct diffraction peaks at 20 values of 11.68°
23.03° 33.71°, 38.76°, 46.01°, 59.85°, and 61.05°, which corre-
spond to the (003), (006), (101), (012), (015), (018), (110),
and (113) crystallographic planes, respectively. These reflec-
tions closely align with PDF#38-0715, as shown in Figure Ia.
The interlayer spacing was calculated from the (003) reflection
using Bragg’s law, where Cu Ko radiation (A = 1.5406 A) was
used for the measurement.>* From the 20 value of 11.68°, the
interlayer spacing was calculated to the 7.57 A. This value
closely aligns with previously reported value for NiMn-LDH
structures, indicating that an expanded interlayer distance is
advantageous for ion intercalation and transport.
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The surface morphology and microstructural features of the
NiMn-LDH electrode were observed employing FE-SEM.
Figure 1b reveals that the electrode surface is uniformly covered
with hydrotalcite-like structures, confirming the successful
growth of NiMn-LDH on the substrate. The formation of the
nanosheets is closely associated with the availability of carbon-
ate ions (CO,*") during the synthesis process.”>® Carbonate
ions supplied from urea and HMT promote the rapid formation
of layered double hydroxides, resulting in the formation of thin
nanosheets. The aligned nanosheet structure formed via
carbonate-assisted LDH growth is expected to enhance ion
transport.

To investigate the surface elemental composition and chem-
ical states of the synthesized NiMn-LDH electrode, X-ray pho-
toelectron spectroscopy (XPS) analysis was performed. As
shown in Figure 2a, the survey spectrum confirms the presence
of Ni, Mn, O, and C elements, verifying the successful forma-
tion of the NiMn-LDH structure. The high-resolution Ni 2p
spectrum (Figure 2b) was deconvoluted into two major
spin—orbit doublets centered at approximately 853.9 and
871.7 eV and 855.2 and 873.2 eV, which are assigned to
Ni** and Ni** species, respectively, accompanied by charac-
teristic shake-up satellite peaks located at higher binding
energies. The coexistence of Ni** and Ni** indicates mixed-
valence nickel centers capable of participating in reversible
Faradaic redox reactions. The Mn 2p spectrum (Figure 2c)
exhibits multiple components corresponding to different man-
ganese oxidation states, suggesting the presence of mixed-
valence manganese species within the LDH framework. Such
mixed oxidation states are commonly observed in NiMn-LDH
materials and are beneficial for enhancing charge-transfer kinetics
through synergistic redox interactions with nickel centers. The
high-resolution O 1s spectrum (Figure 2d) can be deconvoluted
into three components located at approximately 530.3, 531.0,
and 531.8 eV, corresponding to lattice oxygen (M—0O), hydroxyl
groups (M—OH), and adsorbed oxygen/water species, respec-
tively.*” The dominant hydroxyl-related component confirms
the successful formation of the hydroxide-rich layered structure.
Collectively, the XPS results verify the successful synthesis of
NiMn-LDH with mixed-valence transition-metal species and
abundant hydroxyl functionalities, which are expected to facilitate
reversible redox reactions and contribute to the enhanced elec-
trochemical performance of the electrode.

The incorporation of Mn into the Ni-LDH lattice plays a
crucial role in tuning the electrochemical and thermoelectric
properties of the hybrid electrode. Mn introduces additional
redox-active centers (Mn>*/Mn>®*), alongside the intrinsic
Ni**/Ni** couple, increasing the overall faradaic contribution
and broadening the electrochemical activity —window.
Moreover, due to the larger ionic radius of Mn>* compared

https://doi.org/10.1021/acsaem.6c02104
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Scheme 3. Synthesis of PSSH/SOR/PVA Polymer Electrolyte
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Figure 1. (a) XRD pattern of the NiMn-LDH consistent with PDF#38-0715, and (b) FE-SEM images of NiMn-LDH.

with Ni**, partial substitution induces lattice distortion and
defect formation, which can increase the density of active sites
and facilitate ion diffusion. The coexistence of dual redox cen-
ters also improves the temperature sensitivity of interfacial
redox equilibria, which is beneficial for thermogalvanic-assisted
charge generation under an applied thermal gradient.

3.2. Electrochemical Charge-Storage Properties of the
NiMn-LDH Electrode

To decouple the charge-storage mechanisms that enable sus-
tained thermal energy harvesting, the electrochemical behavior
of the NiMn-LDH electrode was systematically evaluated. As
shown in Figure 3a, the CV curves of the NiMn-LDH electrode
recorded at scan rates of S, 10, 20, and 40 mV/s within a poten-
tial window of 0-0.5 V (vs Ag/AgCl) exhibit pronounced redox
peaks rather than a rectangular profile. Two distinct redox peaks
are observed at 0.45 and 0.2 V, which can be attributed to the
reversible redox transitions of Ni2*/Ni** and Mn?*/Mn3* spe-

cies within the layered double hydroxide structure.*®*’
Ni(OH), + OH =NiOOH + H,0 +¢~ (1)
MnO, + H,O0 + ¢ =MnOOH + OH~ (2)

To quantitatively identify the charge-storage mechanism, the
relationship between the peak current (i) and scan rate (v) was

analyzed using the established power-law equation:**
i=iggy + iy =ar’ )
log(i) =log(a) + b-log(v) (4)

where b serves as an indicator of the dominant charge-storage
process. Conventionally, a b-value of 0.5 corresponds to
diffusion-controlled faradaic reactions, whereas a value of 1.0
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indicates surface-controlled capacitive behavior. The calculated
b-value of approximately 0.56 (Figure 3b) indicates that the
electrochemical response of the NiMn-LDH electrode was pre-
dominantly governed by diffusion-controlled Faradaic reactions
with an additional contribution from capacitive processes. This
result is consistent with the battery-type characteristics of
NiMn-LDH electrodes reported in previous studies.*®
Following the CV analysis, the charge-storage capability of
the NiMn-LDH was further evaluated via GCD measurements.
As shown in Figure 3¢, the GCD profiles exhibit clear nonline-
arity and well-defined voltage plateaus rather than triangular
shapes, which is characteristic of battery-type Faradaic charge
storage behavior. This plateau is a critical performance indica-
tor; it signifies that the electrode maintains a stable potential
during the discharge phase, effectively acting as a redox reser-
voir that prevents the rapid voltage decay typically seen in
carbon-based supercapacitors. Based on the GCD curves, the
specific capacitance of the electrode was calculated using the

following equations:****
i-At
= AV-m ®)

where C, (F-g™') denotes specific capacitance, i (A) represents
discharge current, At (s) represents discharge time, AV
(V) denotes the voltage window, and m (g) is the mass of the
active material. The energy and power densities were obtained
from eqs 6 and 7, respectively.

AV?
E= C; 36 (©)
E
b= Ar (7)

https://doi.org/10.1021/acsaem.6c02104
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Figure 2. XPS spectra of the synthesized NiMn-LDH electrode: (a) survey scan, (b) Ni 2p spectrum, (c) Mn 2p spectrum, and (d) O 1s spectrum

showing the chemical states of Ni, Mn, and O species.
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Figure 3. Electrochemical characterization of the NiMn-LDH electrode. (a) CV curves at multiple scan rates (5—40 mV/s), (b) log (i)-log(v) plot

derived from CV data, and (c) GCD profiles at multiple current densities.

where E (Whkg™") is the energy density and P (W-kg™") is the
power density. The energy density was calculated from the
GCD derived Cs using eq 6 within the applied potential
window of 0-0.5 V vs Ag/AgCl. At a current density of
1 Ag’', the electrode delivered a high C, of approximately
999 F.g!, yielding an energy density of 28.27 Whkg' and a
power density of 0.26 kW-kg'. The combination of high Cs
and stable discharge behavior confirms that the NiMn-LDH
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electrode provides the substantial charge storage necessary for
sustaining energy accumulation during thermal charging.
When integrated into the TCHS configuration, this redox-
active reservoir enables the system to bridge the gap between
transient thermal harvesting and permanent power delivery.
Similarly, energy-storage performance has been benchmarked
against previously reported NiMn-LDH and related layered
double hydroxide-based supercapacitor systems (Table S1).

https://doi.org/10.1021/acsaem.6c02104
ACS Appl. Energy Mater. 2026, 9, 10302-10313

920z isnbny €| uo Jasn AINN INAYN Aq Jpd1y0120-9202-98/689€2€99/20€0 /S L/6/4pd-ajoie/bowaee/Bio soe sqnd woly papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c02104/suppl_file/ae6c02104_si_001.pdf
http://www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.6c02104

ACS Applied Energy Materials

www.acsaem.org

3.3. lonic and Thermal Conductivity of the Polymer
Electrolyte

The ionic transport properties of the PSSH/SOR/PVA electro-
lyte were evaluated employing EIS because ionic conductivity is
a key parameter governing thermally driven ion diffusion in
thermally charged systems. The bulk resistance was obtained
from the high-frequency intercept of the Nyquist plot, as shown
in Figure 4a, and the ionic conductivity was calculated using
eq 8:1041

6= —— (8)

where t (m) denotes electrolyte thickness, A (m?) is the
effective electrode—electrolyte contact area, and R,, (Q) repre-
sents bulk resistance. As the D-sorbitol content increased, a
gradual decrease in bulk resistance was observed, resulting in
an overall increase in ionic conductivity. The optimized electro-
lyte composition exhibited a maximum ionic conductivity of
6.09 m-S~! cm, which can be attributed to the increase in ionic
conductivity and is attributed to the hydrophilic nature of sorbi-
tol, which promotes water retention and facilitates the forma-
tion of continuous ionic conduction pathways within the
polymer matrix. These interactions promote the effective disso-
ciation and transport of mobile ions while maintaining a
hydrated ionic conduction pathway within the polymer
matrix.***® The observed trend demonstrates that sorbitol
incorporation effectively improves ionic transport within the
electrolyte.

In addition to ionic conductivity, the thermal conductivity of
the polymer electrolyte was evaluated because maintaining a
stable temperature gradient across the device is essential for sus-
taining the Soret effect. Thermal conductivity was measured
according to the ASTM DS470 standard, as shown in
Figure S1. As the SOR content increased, the thermal conduc-
tivity of the electrolyte gradually increased linearly, as shown
in Figure 4b. The optimized electrolyte exhibited a thermal con-
ductivity of 0.46 W.m ".K!, which is marginally higher than
that of the previously reported pristine PSSH film
(~0.38 W.m™'.K™).>° This increase is attributed to the
enhanced water content induced by the incorporation of
SOR.* Despite this increase, the relatively low thermal conduc-
tivity remains advantageous for TCHS, as it suppresses heat dis-
sipation across the electrolyte and is expected to help maintain
the temperature gradient across the device during operation.

3.4. Structural Design and Functional Properties of the
PSSH/SOR/PVA Electrolyte

The ternary polymer electrolyte was rationally designed by inte-
grating three functionally distinct components to simulta-
neously achieve thermoelectric activity and mechanical
adaptability. PSSH serves as the ion-selective thermodiffusive
phase, where its sulfonic acid groups provide mobile protons
(H*) while the immobilized PSS~ backbone restricts anion
migration, enabling proton-dominated Soret diffusion under
an applied thermal gradient. PVA acts as the structural polymer
scaffold owing to its excellent film-forming capability, flexibility,
and hydroxyl-rich backbone, which stabilizes the electrolyte
architecture and provides additional hydrogen-bonding sites.
D-Sorbitol functions as a multifunctional plasticizer and
dynamic hydrogen-bonding mediator; its abundant hydroxyl
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groups enhance polymer-chain mobility, improve water reten-
tion by increasing the bound-water fraction, and facilitate auton-
omous self-healing through reversible hydrogen-bond
reconstruction. The synergistic integration of these three com-
ponents is therefore essential for coupling efficient ionic ther-
modiffusion with mechanical resilience in the TCHS.***

3.4.1. Hydration Stability and Water Retention
Behavior. Water retention capability was evaluated by moni-
toring the weight change of the electrolyte over time under
ambient conditions (~25 °C) without external humidity con-
troller. As shown in Figure Sa, the incorporation of SOR grad-
ually improved water retention as SOR content increased.
The optimized electrolyte (10 wt %, SOR) retained >90% of
its initial weight after 60 h of exposure (~25 °C,
~70% RH). This improved water retention behavior can be
attributed to the strong hydrogen-bonding interactions intro-
duced by the SOR, which contains multiple hydroxyl groups
capable of forming extensive hydrogen-bonding networks with
water molecules. Within the sorbitol-modified polymer matri-
ces, the improved water retention is consistent with stronger
interactions between water molecules and the sorbitol-
containing polymer network and enhanced stability under
ambient conditions.*””** This behavior aligns with previous
studies reporting that the incorporation of polyols, such as sor-
bitol, increases the fraction of bound water in polymer systems
via extensive hydrogen bonding, thereby suppressing water
evaporation.

In addition, the water-soluble nature of the electrolyte was
visually confirmed, as shown in Figure Sb, wherein the electro-
Iyte gradually dissolved in water over time. This behavior is a
direct consequence of the highly hydrophilic polymer network
and the absence of permanent chemical cross-linkers, highlight-
ing the water-processable nature of the electrolyte and its
potential compatibility with recyclable or transient electronic
systems. While this solubility suggests sensitivity to moisture,
the TCHS is designed for integration into hermetically encapsu-
lated flexible devices. In this configuration, the high hydrophilic-
ity is strategically leveraged to provide abundant hydrophilic
sites that facilitate ionic transport. This molecular arrangement
is expected to support efficient ion transport through the
hydrated polymer network, yielding the high recorded ionic
conductivity of 6.09 mS-cm™" and ensuring operational stability
under ambient thermal gradients.

3.4.2. Mechanical Resilience and Autonomous Self-
Healing Kinetics. The mechanical stretchability of the
PSSH/SOR/PVA electrolyte was quantitatively evaluated via
tensile testing to assess its tolerance to mechanical deformation
under practical operating conditions. Increasing the sorbitol
content resulted in a pronounced increase in elongation at
break, with the electrolyte containing sorbitol (10:1) exhibiting
an elongation at break of approximately 350% (Figure 6a). This
improvement is associated with the plasticizing effect of sorbi-
tol, which enhances polymer-chain mobility within the polymer
backbone induced by sorbitol incorporation. The multiple
hydroxyl groups of sorbitol are involved in hydrogen-bond
interactions with the sulfonic acid groups of PSSH, weakening
rigid polymer—polymer interactions and enhancing segmental
chain mobility.*

The self-healing capability of the polymer electrolyte was
quantitatively examined by monitoring the recovery of the elec-
trical resistance following mechanical cutting. After complete
separation, the resistance rapidly increased to approximately
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1.6 X 10® Q, indicating complete electrical disconnection
(Figure 6b). Following recontact of the cut interfaces, the resis-
tance gradually decreased and recovered to approximately
86% of its original value without external stimuli. This recovery
behavior is attributed to the spontaneous reconstruction of
dynamic hydrogen bond networks within the polymer matrix.**
The reversible interactions enabled molecular diffusion and
interfacial re-association across the damaged regions, enabling
partial restoration of ionic transport pathways after mechanical
failure. In the proposed electrolyte system, the abundant
hydroxyl groups of SOR and the sulfonic acid groups of PSSH
were involved in the dynamic hydrogen-bond rearrangement
at the cut interfaces. These interactions are believed to facilitate
interfacial adhesion and molecular re-entanglement, resulting in
the recovery of the continuous ionic conduction pathway.

In addition to electrical recovery, the self-healing behavior was
visually confirmed, as the previously cut region of the electrolyte
was observed to reconnect and regain a continuous morphology
after re-connect, as shown in Figure 6¢c. These results indicate
that the electrolyte can tolerate accidental mechanical damage,
which is relevant for flexible or wearable thermally chargeable
devices, rather than for structural load-bearing applications.
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3.5. Thermoelectric Performance Evaluation

3.5.1. Device Configuration and Thermal Charging
Process. The TCHS was fabricated in a planar configuration,
comprising a hydroxyl-rich solid polymer electrolyte (SOR1)
layer positioned between two asymmetric electrodes; NiMn-
LDH electrode on the hot side and a carbon electrode on the
cold side. The electrolyte area was fixed at 3 X 3 cm?, and the
electrode—electrolyte contact area was controlled at 1 X
3 cm®. To impose a controlled temperature gradient across
the device, a commercial Peltier module (TEC 1-12706) was
placed under the electrolyte layer as shown in Figure 7a,b. All
thermal charging experiments were conducted under 25 °C
and 70% relative humidity. The cold-side temperature was fixed
at 20 °C, whereas the hot-side temperature was sequentially set
to 30, 35, and 40 °C, corresponding to applied temperature dif-
ferences (AT) of 10, 15, and 20 K, respectively.

3.5.2. TCHS Device Performance. Thermoelectric per-
formance was initially evaluated using a symmetric NF//NF con-
figuration as a reference system, wherein identical nickel foam
electrodes were positioned on both the hot and cold sides. In this
configuration, the generated thermal voltage was solely governed
by the Soret effect within the polymer electrolyte. Owing to the

https://doi.org/10.1021/acsaem.6c02104
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showing NiMn-LDH//carbon systems.

structural characteristics of PSSH, sulfonated PSS possesses a
high molecular weight and is effectively immobilized within the
polymer matrix such that proton thermos-diffusion becomes
the dominant ionic transport process under the applied thermal
gradient. Consequently, a relatively low Seebeck coeflicient was
obtained compared with that of the hybrid configuration, repre-
senting the baseline thermoelectric response.

Subsequently, the thermoelectric performance was investi-
gated utilizing a hybrid electrode configuration, wherein a
NiMn-LDH electrode was introduced on the hot side and a
carbon-based electrode was placed on the cold side. As shown
in Figure 8a, under an applied temperature difference of 10, 15,
and 20 K, the symmetric NF//NF configuration exhibited a
Seebeck coefficient of approximately 1.70 mV-K™, reflecting a
predominantly Soret-driven thermoelectric response. By contrast,
the hybrid NiMn-LDH//carbon configuration achieved an
increased Seebeck coefficient of ~2.06 mV-K™" (Figure 8b), rep-
resenting a 21.18% enhancement. Also, the observed increase in
the Seebeck coefficient was attributed to an additional thermogal-
vanic contribution (o) arising from the redox-active NiMn-
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LDH electrode (Figure 8c).**** The extended charging duration
reflects the hybrid configuration enabled the coupling of Soret-
driven ion migration with redox-mediated thermoelectric conver-
sion at the hot-side electrode/electrolyte interface. Similar hybrid
thermos-electrochemical behavior involving coupled ionic
thermos-diffusion and temperature-dependent redox processes
has also been discussed in previous thermos-galvanic and
thermos-electrochemical studies.*>*

Ohybrid = OlSoret 1 Olyg (9)

where o ., originates from ion-selective thermodiftusion within
the polymer electrolyte and a,, represents the additional thermo-
galvanic contribution associated with temperature-dependent
redox equilibria at the NiMn-LDH electrode/electrolyte inter-
face. To further explain the thermogalvanic contribution of the
NiMn-LDH electrode, the enhanced thermoelectrochemical
response is likely associated with temperature-dependent Ni/
Mn redox equilibria occurring at the electrode/electrolyte

https://doi.org/10.1021/acsaem.6c02104
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(c) Comparison of Seebeck coefficient between the two systems.

interface under alkaline conditions. Specifically, Ni-based species
undergo reversible oxidation according to eq 1, while Mn-
associated species may contribute through temperature-
dependent redox transitions described in eq 2. Because these
redox equilibria are thermally activated, the imposed temperature
gradient can shift the electrochemical equilibrium at the elec-
trode/electrolyte interface, thereby potentially generating an
additional thermogalvanic contribution beyond the Soret-driven
ionic thermodiffusion process. Consequently, the hybrid configu-
ration produces a higher Seebeck coefficient than the symmetric
NE//NF system. As shown in Figure 8b, the hybrid configura-
tion exhibited a delayed and gradual voltage increase compared
with the symmetric NF//NF configuration, particularly in the
low-temperature-gradient region. In the symmetric configuration,
a nearly immediate voltage response was observed following
application of the temperature gradient, consistent with a pre-
dominantly Soret-driven response. By contrast, the slower volt-
age evolution observed in the hybrid system is likely associated
with the coupled processes of proton thermodiffusion and grad-
ual electrochemical equilibration at the electrode/electrolyte
interface. Furthermore, energy-storage capability under thermal
charging conditions was evaluated. The output energy density
was measured under a fixed temperature gradient of 15 K with
an external load of 1 kQ.

As shown in Figure S2a,b, the TCHS exhibited a continuous
increase in cumulative electrical energy output during thermal
charging, indicating sustained conversion of low-grade thermal
energy into electrical energy through coupled Soret-driven ion
thermodiffusion and redox-assisted charge accumulation at the
NiMn-LDH electrode. After 24 h of operation under a constant
temperature gradient of 15 K, the hybrid TCHS delivered a
cumulative electrical energy output of 2.62 J, corresponding to
an areal energy output of 8742 J-m > based on the active elec-
trode—electrolyte contact area (3 cm?). The reported areal
energy output represents the cumulative electrical energy deliv-
ered to an external load during continuous thermal charging
rather than the instantaneous electrochemical energy stored
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within the device. Considering the planar device architecture
and intended surface-mounted operation, cumulative areal
energy output was selected as the primary metric for perfor-
mance comparison. The gradual increase in harvested energy
reflects the continuous yet low-power nature of low-grade ther-
mal energy harvesting, where small temperature differences are
maintained over extended periods. Under identical conditions,
the symmetric NF//NF device delivered a substantially lower
areal energy output of 301.5 J-m> The superior performance
of the hybrid configuration is attributed to the synergistic con-
tributions of Soret-driven ion thermodiffusion within the elec-
trolyte and redox-assisted charge storage provided by the
NiMn-LDH electrode.***° To evaluate the practical significance
of the present TCHS, a performance comparison with recently
reported thermally chargeable supercapacitors and ionic ther-
moelectric systems is summarized in Table S2 included in the
Supporting Information. The present device demonstrates com-
petitive thermopower and superior cumulative areal energy out-
put under a relatively low thermal gradient (AT = 15 K),
highlighting the effectiveness of coupling Soret-driven ion ther-
modiftusion with interfacial redox-assisted thermogalvanic
processes.

3.5.3. TCHS Working Mechanism. The TCHS operates
through a three-stage cycle consisting of thermal charging, elec-
trical discharging, and relaxation, as illustrated in Figure 9a.
During thermal charging, application of a temperature gradient
induces directional ion migration within the electrolyte, result-
ing in ion accumulation near the cold side and the generation
of a thermovoltage across the device. The generated thermovol-
tage can be approximated as”**°0~5>

V}h =aAT (9)

where V,, is the thermally generated voltage, a is the ionic
Seebeck coeflicient, and AT is the applied temperature differ-
ence. The instantaneous electrical power delivered to an
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external load is given by

P(t)= —=— (11)

and the cumulative electrical energy harvested during thermal
charging is obtained by

V()
E=/[, o (12)
The corresponding areal energy output was calculated using

Es= ALR/QV(t)Zdt (13)

where A is the active electrode-electrolyte contact area and R is
the external load resistance.

Following removal of the temperature gradient, the device
enters the relaxation stage, during which ionic redistribution
restores the initial equilibrium state. In addition, practical oper-
ation of the TCHS was demonstrated by powering an LED
through a series connection in conjunction with an external
1.8 V power supply, as shown in Figure 9b. The LED was suc-
cessfully illuminated by the combined voltage contribution from
the thermally charged TCHS and the external source. The LED
illumination experiment qualitatively demonstrates that the
thermally charged TCHS contributes supplementary voltage
to the external circuit. Although the TCHS alone was insuffi-
cient to directly power the LED, its addition increased the total
circuit voltage and enabled LED operation under the tested
conditions. These results indicate that the TCHS can function
as an auxiliary power source capable of supplementing low-
power electronic systems using harvested thermal energy.
These results demonstrate that the TCHS functions as an aux-
iliary power source capable of supplying supplementary electri-
cal energy harvested from low-grade thermal inputs.

4. CONCLUSIONS

In this study, we develop a stretchable and self-healing ther-
mally chargeable hybrid supercapacitor (TCHS) capable of effi-
cient energy harvesting under a low-grade thermal gradient for
practical applications. By integrating a battery-type electrode,
NiMn-LDH, at the hot side with a hydroxyl-rich polymer
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electrolyte, the device demonstrated an enhanced ionic
Seebeck coefficient of approximately 2.06 mV-K ™!, representing
a 21.18% increase compared with the symmetric configuration
(~1.70 mV-K™). This enhancement is attributed to the syner-
gistic coupling of ion-selective Soret diffusion and
temperature-dependent interfacial redox processes at the
NiMn-LDH electrode. The optimized polymer electrolyte
exhibited an ionic conductivity of 6.09 mS-cm™" and a low ther-
mal conductivity of 0.46 W.m "K', supporting stable Soret-
driven ion transport. The extensive hydrogen bonding induced
by sorbitol increased the fraction of bound water, resulting in
excellent water retention (>90% after 60 h) under ambient con-
ditions. In addition, a high stretchability (~350%), self-healing
capability (~86% resistance recovery), and water solubility were
achieved, demonstrating its suitability for practical applications.
Practical device applicability was validated by integrating the
TCHS in series with an external power source to successfully
operate an LED, confirming its role as an auxiliary thermal
energy-harvesting unit. These findings establish a promising
strategy for integrating mechanically adaptive thermally charge-
able systems into wearable and self-powered low-energy elec-
tronics. Future studies will focus on evaluating thermoelectric
performance under dynamic mechanical deformation and
extended thermal cycling to further validate long-term device
reliability.
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