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a b s t r a c t

Recently, employing ionic thermoelectric (i-TE) materials is regarded as a promising strategy to harness
low-grade waste heat due to their remarkable ionic Seebeck coefficient. By blending polyvinyl alcohol
(PVA), sodium alginate (SA), and polyethylene glycol (PEG) and additional freeze-thaw method, PVA/SA/
PEG hydrogel is developed. Via immersing the hydrogel in NaBF4 solutions with different concentrations,
the TE and mechanical properties could be adjusted. PVA/SA/PEG/NaBF4-1.5 M hydrogel demonstrates
exceptional mechanical properties, with tensile stress and strain up to 69 kPa and 114%, respectively.
Moreover, PVA/SA/PEG/NaBF4-1.5 M hydrogel exhibits a high ionic conductivity of 31.4 mS/cm, a
maximum ionic Seebeck coefficient of 66.7 mV/K, and an impressive power factor of 13.96 mW/m/K2.
These outstanding performances originate from the synergistic effect of Manning's counterion
condensation facilitated by SA and the crystal PVA chains. The prototype application of the PVA/SA/PEG/
NaBF4-1.5 M hydrogel is demonstrated by a flexible ionic thermoelectric supercapacitor. With the
external load resistance is 90 kU, the energy collected in one thermal cycle could achieve 4 mJ. This study
introduces the exceptional stretchable PVA/SA/PEG/NaBF4 hydrogels with a record-high ionic Seebeck
coefficient as promising i-TE materials for future TE application in low-grade waste heat.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

As industries have experienced significant growth and devel-
opment, there has been a notable improvement in the quality of
human life. However, the reliance on traditional fossil fuel-based
energy sources has resulted in numerous environmental chal-
lenges and energy crises [1]. The emission of greenhouse gases
from these sources has led to severe air pollution and climate is-
sues. Consequently, researchers are now actively working towards
developing energy-harvesting techniques from waste heat to ach-
ieve environmental sustainability. Waste heat typically exists in the
form of low-grade heat with temperatures below 100 �C. It is
available in various settings, such as daily environments, industrial
production processes, and waste heat generated by the human
body. Previous studies have explored methods for converting low-
grade heat into electricity, including Organic Rankine Cycles (ORCs)
[2], Kalina cycles [3], inverted Brayton cycles [4], and thermoelec-
tric (TE) conversion [5]. Among these, the first three methods have
not been extensively adopted for low-grade thermal energy con-
version due to their low energy conversion efficiency and system
complexity. However, TE conversion has emerged as a key player in
the recovery of waste heat energy from sources such as solar ra-
diation, industrial processes, and biological heat. When a thermal
gradient (DT) is applied to a TE material, such that one side is
exposed to heat (TH) while the other side remains cold (Tc), this
creates a voltage gradient (DV), where DV ¼ VHeVC, which, in turn,
generates an electrical current via the diffusion of charge carriers
(electrons or holes) [6e8]. This is known as the Seebeck effect, and
its strength is measured by the Seebeck coefficient (S). In addition,
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when TE materials are employed in thermoelectric generators
(TEGs), the thermal conductivity (k, in W/m/K) should be mini-
mized to maintain the DV between the hot and cold sides, and a
higher electrical conductivity (se) is desirable to reduce energy
losses due to Joule heating. The TE properties of a material are
evaluated using the dimensionless figure of merit (ZT), ZT ¼ s S2 T
k�1, which is dependent on the absolute temperature, the electrical
transport properties (i.e., power factor, PF ¼ Si

2si) and the thermal
conductance of the materials. In addition, because the thermal
conductivities of polymer-based TE materials are relatively low and
similar (around 0.1e0.5 W/m/K), increasing PF of materials is the
main target for ZT value enhancement since organic materials
generally have intrinsic low thermal conductivity (around
0.1e0.5 W/m/K). Meanwhile, enhancing the Seebeck coefficient is
crucial for improving the TE properties, as it is a squared term in
both the ZT and PF values [9,10]. Hence, by further optimizing the
composition and structure of a TE material, its TE performance can
be improved but achieving efficient TEGs poses significant chal-
lenges due to the strong coupling between electrical conductivity,
Seebeck coefficient, and thermal conductivity [11,12].

Inorganic semiconductors are widely used as electron-based
thermoelectric (e-TE) materials [13e19]. However, their applica-
tions are limited by their low Seebeck coefficients of around a
hundred mV/K. Additionally, these materials often contain rare el-
ements, lack mechanical flexibility, and pose challenges in terms of
toxicity and cost. By contrast, ionic thermoelectric (i-TE) materials,
use the movement of ions as energy carriers through the electro-
lyte, thereby affording one to three orders of magnitude larger
Seebeck coefficient (termed the ionic Seebeck coefficient, Si) than
that of the e-TE materials. The i-TE material devices are typically
sub-categorized as thermogalvanic cells (TGCs) and thermally
chargeable capacitors (TCCs) and both can be prepared in liquid or
quasi-soild base [20e23] which are commonly composed of inex-
pensive, abundant, and environmentally friendly materials such as
water and polymers. Moreover, the use of polymer as i-TE materials
enhances their practical potential by providing high stretchability
[24] and flexibility, thus making them suitable for use in wearable
devices for Internet of Things (IoT) and other societal applications
[25e32].

When compared to the TGCs, which operate on the basis of
Faraday redox reactions near the electrodes [33], the TCCs can
generate ionic Seebeck coefficients of dozens of mV/K via the Soret
effect, which relies on the thermal diffusion of ions rather than
electrons or holes. Previous work on i-TE materials has mainly
focused on aqueous solutions of acids or bases [34]. However, these
liquid electrolytes have problems such as easy leakage, volatility,
inadequate mechanical properties, lower ionic Seebeck coefficient
and complicated encapsulation. Recent studies indicate that
introducing a polymer matrix into a TCC system can enhance the
ionic Seebeck coefficient by leveraging the interactions between
the polar groups of the polymer and the ions [35,36]. Therefore,
recent research, as summarized in Table S1, has focused on devel-
oping quasi-solid ionogels that confine anions and cations within
polymer networks. These emerging materials have shown promise
as heat harvesting materials, offering excellent mechanical
strength, solving leakage problems and excellent TE properties
[34,37e46]. For example, through the dipole moment interaction
between poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP) and an ionic liquid 1-ethyl-3-methyl-imidazolium-dicyana-
mide (EMIM-DCA), the resulting ionogel TCC can achieve an ionic
Seebeck coefficient of 26.1 mV/K [39]. Poly (vinyl alcohol)-based
hydrogel also exhibit excellent TE properties due to polymer
segment provides ion selectivity [38,47]. Similarly, immersing an
NaCl salt solution in a dual double network polyacrylamide/sodium
2

carboxymethyl cellulose (PMSC) gel has resulted in an ionic See-
beck coefficient of 17.1 mV/K [46]. Such PMSC gels not only allow
selective tuning of the interaction with NaCl salt, but also provide
good stretchability. However, previous studies have mainly focused
on a single polymer system with polar functional groups [36,39],
and there remains a lack of strategies for combining two different
polymer matrices in order to further enhance the ionic Seebeck
coefficient.

In the present work, two types of polymer matrix are combined
with the aim of improving the TE properties of the material. The
double network hydrogel matrix is formed by combining polyvinyl
alcohol (PVA), sodium alginate (SA), and polyethylene glycol (PEG)
as a crosslinker (chemical structure as depicted in Fig. 1a) This
particular matrix exhibits exceptional mechanical characteristics,
with a tensile stress of 69 kPa and a strain of 114%. These properties
enable the hydrogel to achieve wearable device stretchability at a
tensile strain of 15% [24]. The inclusion of NaBF4 further improves
the ionic conductivity, which reaches a value of 31.4 mS/cm. Ac-
cording to the synergistic effect of Manning's counterion conden-
sation theory [48] and crystallization behavior of PVA, an ultrahigh
ionic Seebeck coefficient of 66.8 mV/K is achieved. With the ad-
vantages of low cost, ease of preparation, and excellent mechanical
properties, making PVA/SA/PEG/NaBF4 hydrogel a potential mate-
rial for wearable devices application.

2. Experimental section

2.1. Materials

Polyvinyl alcohol (PVA) with molecular weight of
89,000e98,000 g/mol and a hydrolysis degree of 99þ% hydrolyzed
was procured from Sigma Aldrich. Sodium alginate (SA), and so-
dium tetrafluoroborate (reagent grade, 98%) were also obtained
from Sigma Aldrich. The polyethylene glycol (PEG) utilized in the
experiments had a molecular weight range of 380e420 g/mol and
was supplied by Showa Chemicals Co., LTD. Throughout the ex-
periments, deionized water was used as the solvent.

2.2. Preparation of PVA/SA/PEG hydrogel

The process for preparing PVA/SA/PEG hydrogels is illustrated in
Fig. S1. Firstly, 2.0 g of PVA was dissolved in 20 ml of deionized
water and stirred at 90 �C until complete dissolution of all solids.
Next, SA was added to the solution under the same conditions,
resulting in a transparent solution. Subsequently, 2.8 g of PEG was
introduced as a crosslinking agent. The prepared mixture was
subsequently poured into specialized molds and transferred to a
refrigerator set at a temperature of �20 �C for a duration of 12 h.
Following this, the molds were allowed to thaw at room tempera-
ture for a period of 6 h. This process yielded the pristine PVA/SA/
PEG hydrogel, which was then carefully cut to dimensions suitable
for the study, with a length of 1.5 cm, width of 1.5 cm, and height of
1 cm.

To obtain the PVA/SA/PEG/NaBF4 hydrogel, the pristine PVA/SA/
PEG hydrogel was immersed in solutions of different NaBF4 con-
centrations (0.5 M, 1.0 M, 1.5 M, 2.0 M) for 1 h. The resulting
hydrogels, with varying NaBF4 concentrations, were denoted as
PVA/SA/PEG/NaBF4-0.5 M, 1.0 M, 1.5 M, 2.0 M, respectively.

2.3. Structural characterizations

The morphologies of hydrogels were examined using Hitachi S-
4800 scanning electron microscope (SEM). To determine the
elemental composition, energy-dispersive X-ray spectroscopy



Fig. 1. (a) Chemical structures of the components used to synthesize the hydrogel: PVA, SA, PEG and NaBF4. (b) Schematic representation of NaBF4 electrolyte-containing hydrogel.
(c) Photographs showing PVA/SA/PEG hydrogel under different conditions: initial, twisting, and stretching.
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(EDS) was performed using a QUANTAX Annular XFlash® QUAD
FQ5060 instrument. Fourier Transform Infrared Spectroscopy
(FTIR) spectra were recorded using a PerkinElmer Spectrum TWO
FT-IR L16000 spectrometer. The crystallization behavior of PVAwas
analyzed using X-ray diffraction (XRD) measurement conducted on
a Rigaku MiniFlex instrument, covering 2q range of 2~90�. The
mechanical properties of the hydrogels were evaluated using a
universal testing machine (SHIMADZU EZ-Test) on dumbshell-
shaped samples with dimensions of 15 mm wide, 40 mm long,
and about 5 mm thickness. The samples were subjected to tension
at a speed of 2 mm/min. The rheological behavior of hydrogels was
tested using a Dynamic Rheological Test on a HR-2 system (stress
control). The test involved heating the hydrogels from 25 to 50 �C at
a rate of 3 �C/min.

2.4. Properties measurement

The ionic conductivity was measured using BioLogic SP-50e
workstation. AC impedance spectroscopy was applied in a fre-
quency range from 1 to 1 � 106 Hz under ambient conditions. The
value of ionic conductivity (si) was calculated using the following
equation: si ¼ d/(A � R), where A represents the cross-sectional
area of the sample, R denotes the bulk resistance of PVA/SA/PEG/
NaBF4 hydrogels obtained from the intercept on the abscissa of the
electrochemical impedance spectroscopy (EIS) diagram, and d sig-
nifies the thickness of the sample. The TE properties of the
hydrogels were measured using a custom-built measurement sys-
tem. A DT was introduced into the PVA/SA/PEG/NaBF4 hydrogels
using a laboratory circulation water bath system for heating and
cooling. The temperature was monitored using a K-type thermo-
couple attached to the sample surfaces, and measurements were
acquired with a Keithley DAQ 6510 multimeter. The voltage across
the two platinum (Pt) electrodes on the sample was measured
using a Keithley 2182A nanovoltmeter, as illustrated in Fig. S2.
3

3. Results and discussion

3.1. Structural characterization of hydrogels

The addition of PEG can increase the crystallinity of PVA, thus
improving the mechanical properties and ion selectivity of the
devices. SA is a natural polysaccharide with good biocompatibility
and can provide excessive cations concentration thus enhancing
ionic conductivity. The chemical structure of the PVA/SA/PEG
hydrogel is presented in Fig. 1a.The PVA/SA/PEG/NaBF4 hydrogel
was synthesized successfully by using the freeze-thaw method,
which proved to be an effective approach for promoting gelation
[49]. The PVA/SA/PEG mixture has limited gelation at room tem-
perature, using freeze-thaw method can produce that ice crystals
form in the water-rich regions of the hydrogel upon freezing at
approximately �20 �C, thus leading to decreased mobility of the
PVA and SA polymers. This results in more compact polymer chains
with increased hydrogen bonding, thereby enhancing gelation
[50e52]. Upon thawing at around 25 �C, the ice crystals melt while
the hydrogen bonds between the PVA and SA polymers remain
intact, as observed in similar studies [49]. This process facilitates a
more compact arrangement of polymer chains within the hydrogel,
with increased hydrogen bonding and improved interconnectivity
between the PVA and SA components. Further, as demonstrated by
the schematic in Fig. 1b, the inclusion of PEG as a crosslinker in the
hydrogel formulation contributes to its excellent mechanical per-
formance. This is because the PEG forms hydrogen bonding net-
works individually between the SA and PVA, thereby connecting
the polymer chains and providing stress dissipation zones. This
results in a hydrogel with remarkable toughness, as demonstrated
by the photographic images of the stretched and twisted material
in Fig. 1c. Here, the hydrogel exhibits good flexibility without
breaking, thus making it highly suitable for use in wearable ther-
moelectric applications. Meanwhile, in agreement with previous
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studies [38,53,54] that the inclusion of the salt in the hydrogel
formulation improves the ionic conductivity, thus making the
hydrogel a potential candidate for use as a thermoelectric-active
material. This is attributed to dissociation of the NaBF4 into ions
that can freely move within the hydrogel network under a DT,
thereby promoting the Soret effect.

The microstructures of the hydrogels are revealed by the SEM
images in Fig. 2. Here, the pristine PVA/SA/PEG hydrogel consisting
of the double chemical network exhibits a microporous structure
characterized by interconnected polymer chains (Fig. 2a). This
porous structure is expected to facilitate the formation of water
channels, thereby allowing ions to penetrate through the hydrogel.
Indeed, the homogeneous distribution of Naþ ions within the PVA/
SA/PEG hydrogel is confirmed by the energy-dispersive X-ray
spectroscopy (EDS) results in Fig. 2b. Upon soaking the pristine
hydrogel in NaBF4 solution, the network structure of the PVA/SA/
PEG/NaBF4 hydrogel becomes more compact due to the salting out
effect, thus resulting in aggregation of the polymer chains, as
revealed by the SEM images in Fig. 2cef. This phenomenon is
probably due to the presence of NaBF4, which disrupts the stability
Fig. 2. (a) SEM images and (b) EDS mapping of Na element of PVA/SA/PEG DN hydrogel. SEM
(d) 1.0 M, (e) 1.5 M, and (f) 2.0 M.

4

of the interactions between the hydrated water and polymer
chains, thereby increasing the surface tension surrounding the
polymer chains and interfering with the hydration between poly-
mer chains [49]. Hence, the results in Fig. 2f indicate that as the
concentration of NaBF4 is increased from 0.5 to 2.0 M, the network
structure of the hydrogel becomes progressively more compact,
thus resulting in smaller polymer channel sizes. These findings
suggest that the concentration of NaBF4 plays a crucial role in
determining the network structure of the hydrogel.

The Intermolecular Interactions between the PVA polymer
chains and the NaBF4 in the hydrogels are revealed by the Fourier
transform infrared (FTIR) spectra in Fig. 3. Here, the FTIR spectra of
the PVA/SA/PEG hydrogel exhibits characteristic bands at
1080 cm�1, 3380 cm�1, and 1644 cm�1 due to the CeO, OeH, and
C]O vibrations, respectively (Fig. 3a). Further, as the concentration
of NaBF4 is increased to 2.0 M, a blue shift in the OeH stretching
vibration from 3380 to 3391 cm�1 is observed, thus indicating a
stronger stretching of the hydroxyl groups due to the salting-out
effect of NaBF4 [42]. Additionally, the peak at 1080 cm�1 corre-
sponds to the CeO stretching vibration related to the
images of PVA/SA/PEG/NaBF4 hydrogel with varying concentrations of NaBF4: (c) 0.5 M,



Fig. 3. (a) FTIR spectrum and (b) XRD measurement of PVA/SA/PEG/NaBF4 hydrogel with varying NaBF4 concentrations.
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antisymmetric stretching vibration of OeCeC in PVA [38,47]. When
the PVA/SA/PEG hydrogel is soaked in NaBF4 solution, the intensity
of the CeO peak increases due to the interactions of the ions with
the polymer chains. The presence of NaBF4 decreases the water
content in the hydrogel, thus promoting the interactions between
the PVA and SA polymer chains in the amorphous region, and
leading to a peak shift in the FTIR spectrum. This is consistent with
the above SEM images (Fig. 2c�f), which show increased aggre-
gation and compactness of the network structure with increasing
NaBF4 concentration.

The addition of PEG has been reported to enhance the crystal-
linity of hydrogels, thereby resulting in increased opacity due to the
interactions between polymer chains [49]. Hence, the SEM image in
Fig. 2a reveals that the PVA polymer in the as-synthesized PVA/SA/
PEG hydrogel exhibits a semicrystalline structure. This observation
is supported by XRD results in Fig. 3b, which reveal a diffraction
peak at 2q ¼ 19.7� corresponding to the (101) crystal plane of PVA
[47]. Upon soaking the hydrogel in NaBF4 solution, the intensity of
this diffraction peak is increased, thereby indicating an increased
quantity of crystalline domains in the PVA polymer chains. This
finding is also in agreement with the above-mentioned FTIR spectra
(Fig. 3a).

The capacity of the PVA/SA/PEG double network hydrogel ma-
trix to undergo repeated stretching or twisting was demonstrated
in Fig. 1c. The mechanical properties of the hydrogel are further
revealed by the tensile measurements in Fig. 4a. Here, the PVA/SA/
PEG hydrogel exhibits a lower tensile strength (~50 kPa) and a
higher elongation (>140%) than those of the hydrogel that was
treated with 2.0 M NaBF4 (i.e., 450 kPa and 98%, respectively). This
is evidenced by the increased quantity of crystalline regions in the
PVA polymer chains imaged in Fig. 3b, which promote hydrogen
bonding between the amorphous PVA chains, thereby resulting in a
stronger network structure and improved mechanical properties.
Moreover, the trend of increasing tensile strength and decreasing
elongation becomes more pronounced with increasing NaBF4
concentration, thus demonstrating the importance of crystallinity
in determining the mechanical properties of the hydrogel.

The dynamic mechanical properties of the PVA/SA/PEG/NaBF4
hydrogels in the temperature range of 20e40 �C are presented in
Fig. 4b. Here, the storage modulus (G0) remains consistently higher
than the loss modulus (G00) for all tested concentrations of NaBF4 in
the hydrogels throughout the temperature range, thereby indi-
cating that the hydrogels exhibit quasi-solid behavior rather than
liquid-like behavior [55]. Moreover, the storage modulus of the
5

PVA/SA/PEG/NaBF4 hydrogel increases with increasing concentra-
tion of NaBF4, which is in agreement with the observed improve-
ment in the tensile properties. These results carry significant
implications for the development of wearable thermoelectric de-
vices, given that the hydrogel properties enable it to maintain
stability even with changes in temperature.
3.2. The thermoelectric properties of the PVA/SA/PEG/NaBF4
hydrogel

The ionic Seebeck coefficients of the hydrogels with NaBF4
concentrations of 0e2.0 M are presented in Fig. 5a and Fig. S3,
where the ionic Seebeck coefficient is obtained by fitting the
DV�DTcurves. The ionic Seebeck coefficient (Si) is generally defined

as Si ¼ eDV
DT ¼ eVðTHÞeVðTC Þ

THeTC
, where V (TH) is the voltage of the hot

electrode at temperature TH and, tand V (TC) is that of the cold
electrode at temperature TC. When a DT is applied, a voltage
gradient (DV) is produced, and this becomes more negative as DT
increases, thereby indicating that the Na þ cations have a higher
thermal mobility than the BF4� anions. This, in turn, implies that the
PVA/SA/PEG/NaBF4 TCCs are p-type materials. Moreover, the ionic
Seebeck coefficient is seen to depend on NaBF4 concentration. Thus,
as the concentration of NaBF4 increases from 0.5 to 1.5 M (Fig. 5b
and Fig. S4), the fraction of mobile cations increases, thereby
resulting in a maximum ionic Seebeck coefficient of 66.7 mV/K at a
concentration of 1.5 M. Notably, this is the highest value thus far
reported value among TCCs (Fig. 5c) [34,37,42e44,46]. However,
when the ion concentration is further increased to 2.0 M, the ionic
Seebeck coefficients decreases to 7.1mV/K. This can be attributed to
the decreased ion selectivity caused by a decrease in the Debye
length of the polymer. The higher ion concentration can induce a
screening effect that interferes with the ability of the polymer
matrix to selectively facilitate ion migration, thus resulting in
reduced ion selectivity. Similar phenomena have been reported
previously [40].

To understand the high ionic Seebeck coefficients observed in
the PVA/SA/PEG/NaBF4 hydrogels, it is important to consider the
effect of ionic thermodiffusion. In i-TE materials, when a DT is
applied, both cations and anions migrate across the electrolyte
from the hot side to cold side, thus resulting in the net accumula-
tion of charge and the generation of DV. This is known as the Soret
effect, and involves the bipolar migration of equal numbers of an-
ions and cations (nþ¼ne). Based on the driving force of the Soret



Fig. 4. (a) Tensile stress-strain curve and (b) dynamic mechanical measurement of the storage modulus (G0) and loss modulus (G00) of PVA/SA/PEG/NaBF4 hydrogel with varying
NaBF4 concentrations.
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effect, the ionic Seebeck coefficients can be described using the
Onsager transport theory and the Einstein correlation [56]. In a
symmetrical electrolyte, the ionic Seebeck coefficient due to ther-

modiffusion (Std) can be expressed as Std ¼ ðŜþDþÞ e ðŜ�D�Þ
eðDþþD�Þ where e is

the elementary charge, Ŝ is the Eastman entropy of transfer, D is the
mass diffusion coefficient [57], and the subscripts þ and � repre-
sent the cations and anions, respectively [47]. The Eastman entropy
is essentially temperature-dependent and related to the interaction
between the solute and the surrounding medium. In the present
work, the sign of Std is determined by the difference between the
mass diffusion coefficient and values of Naþ and BF4�, while the
negatively charged carboxylate groups of SA and the hydroxyl
groups of PVA can induce ionic interactions that result in a higher

Ŝþ, which may account for the significant positive thermodiffusion.
To further investigate the PVA/SA/PEG/NaBF4 thermoelectric

hydrogel with an ultrahigh ionic Seebeck coefficient, the interplay
between Manning's counterion condensation theory and the crys-
tallinity of PVA are considered, as shown in Fig. 5d. According to
previous experimental [47,58] and computational analyses [59,60],
cations typically have higher mass diffusion coefficient than anions.
Manning's counterion condensation theory explains that a small
fraction of Naþ condenses along the negatively-charged SA polymer
chain, thus forming coulombic interactions. Meanwhile, the BF4�
6

ions experience drags due to the frictional force of the immobilized
cations in the vicinity of carboxyl groups. Consequently, those
Na þ cations that do not condense on the SA polymer chain have
higher thermal migration rates than the BF4� (left-hand side of
Fig. 5d) This generates a larger Ŝþ and contributes to the achieve-
ment of a high ionic Seebeck coefficient. Meanwhile, the presence
of crystallinity in the PVA/SA/PEG/NaBF4 hydrogel, as produced by
the freeze-thaw method, is probably due to the semicrystalline
nature of the PVA. The length of the hydrogen bond in PVA crystals
is reported to be within the range of 266e275 p.m. [61,62]. More-
over, Chen et al. [38] have reported that the hydration diameters of
Hþ and Cl� are 564 and 664 p.m., respectively, which are larger
than the hydrogen-bond length. In the present work, the larger
diameters of the Naþ and BF4� ions compared to those of Hþ and Cl�

ions may make it difficult for these ions to pass through the crys-
talline regions. However, as ions move from regions with fewer
hydrogen bonds (amorphous) to regions with more hydrogen
bonds (crystalline), the desolvation of ions may occur [38]. During
this desolvation (dehydration) process, the Naþ ions can easily
move into regions of higher crystallity because the Pauling diam-
eter of Naþ (190 p.m.) [63] is much smaller than the hydrogen-bond
length. Therefore, it can be concluded that the ionic Seebeck coef-
ficent is enhanced by an increase in the concentration of mobile
Naþ promoted by the crystallinity of the PVA chains (right-hand



Fig. 5. Thermoelectric properties of PVA/SA/PEG/NaBF4 TCCs. (a) Increase in the -DV of the TCCs as a function of DT between the hot and cold electrodes. (b) Ionic Seebeck co-
efficient (Si) of TCCs with varying NaBF4 concentrations. (c) Comparative analysis of the ionic Seebeck coefficient (Si) versus ionic conductivity (si) curves of the PVA/SA/PEG/NaBF4-
1.5 M TCCs in this study and representative TCCs previous reported [34,37,42e44,46]. (d) Schematic illustration depicting interatomic interactions between ions and polymers. On
the left hand, a small fraction of Naþ condenses along the negatively-charged SA polymer chain, thus forming coulombic interactions and the BF4� ions drag due to the vicinity of
carboxyl groups and Naþ that do not condense have higher thermal migration rates. On the right hand, during desolvation (dehydration) process, the Naþ ions can easily migrate
into regions with higher crystallinity in the PVA.
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side of Fig. 5d). This mechanism is supported by the SEM, FTIR, and
XRD results presented in Figs. 2cef, 3a, and 3b, respectively, where
an increase in the NaBF4 concentration indicates improved crys-
tallinity in the PVA. The present results demonstrate that the
crystallinity of PVA increases along with the ionic Seebeck coeffi-
cent, except when 2.0 M NaBF4 is used (as mentioned above),
thereby suggesting that both mechanisms contribute to increasing
the difference between the mass diffusion coefficients of Naþ and
BF4�, thereby leading to the improvement in the ionic Seebeck
coefficent.

The ionic conductivity (si) of a TCC depends on the ionic con-
centrations (ni), ionic mobilities (mi), and ionic valences (Zi) of the
cations and anions, as expressed by the relationship si ¼ SnieZimi
[35]. When the TCCs are soaked in high concentrations of NaBF4,
the ionic concentration is increased and, hence, the ionic conduc-
tivity is increased. Additionally, the presence of a water-rich
hydrogel can facilitate the ionic dissociation process, thus result-
ing in an even higher ionic conductivity. Meanwhile, the ionic
mobility in the hydrogel is influenced by the microstructure, which
is determined by the double networks formed during the gelation.
The ionic conductivities of the pristine PVA/SA/PEG and the PVA/
SA/PEG/NaBF4 TCCs with various NaBF4 concentrations are revealed
by the electrochemical impedance spectra and bar graph in Fig. 6a
and b. Here, the PVA/SA/PEG/NaBF4-2.0 M TCC exhibits a high ionic
conductivity (50.79 mS/cm), which is attributed to the soft struc-
ture of the PVA, which coordinates with the Naþ ions and acts as
the mobile charge carrier.
7

The electrochemical performance of the PVA/SA/PEG/NaBF4-
1.5 M hydrogel is revealed by the cyclic voltammetry (CV) curve
obtained at a scanning rate of 20 mV/s in Fig. S5. The quasi-
rectangular shape of this curve indicates that the PVA/SA/PEG/
NaBF4-1.5 M hydrogel exhibits the characteristics of a good electric
double-layer capacitor. Additionally, the galvanostatic charge and
discharge (GCD) curve of the PVA/SA/PEG/NaBF4-1.5 M TCC in
Fig. S6 exhibits a nearly symmetrical triangular shape, which in-
dicates typical reversible charge-discharge behavior at the
electrolyte-electrode interface.

3.3. Demonstration of ionic thermoelectric supercapacitor (ITESC)

The formation an electrical double layer at the interface be-
tween the electrolyte and electrode under the Soret effect holds
promise for the development of an ionic thermoelectric super-
capacitor (ITESC) for the efficient harvesting of low-grade heat. The
operation of an ITESC is demonstrated in Fig. 7, and can be divided
into four stages. Thus, in stage I, a DTof 5 K is applied across the two
sides of the hydrogel, thus resulting in the migration of mobile ions
from the hot side to the cold side under the Soret effect (Fig. 7a).
Because Na þ has a higher migration rate than BF4�, more Naþ cat-
ions accumulate at the cold side, thus generating a voltage gradient
(DV) of�300mV after 12min (Fig. 7b). In stage II, when the ITESC is
connected to a resistance of 1 kU, the charge distribution initiates a
spontaneous flow of electrons through the resistance until the
charges at the two electrodes are balanced by the electrons and



Fig. 6. Ionic conductivity (si) of PVA/SA/PEG/NaBF4 TCCs with varying NaBF4 concentrations. (a) Electrochemical impedance spectroscopy (EIS) spectra. (b) Bar graph depicting the
ionic conductivity value.

Fig. 7. Performance characterization of PVA/SA/PEG/NaBF4-1.5 M ITESC. (a) Schematic illustration of four stage charging-discharging process of ITESC. (b) Variation in voltage and DT
throughout the four stage profile, (c) Decay curves of output voltage on external loads with varying resistances connected to the ITESC. The ITESC was evaluated under external loads
ranging from 1 to 90 kU.
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holes from the external circuit, thereby causing the voltage be-
tween the two electrodes to decrease to zero. Subsequently, in
stage III, upon removal of the heat source and external load, the
accumulated ions commence diffusing back to their initial states,
while the electrons and holes remain at the two electrodes, thus
resulting in a DV of approximately 300 mV. Finally, in stage IV, the
ITESC is reconnected to the external load, thus prompting the
electrons to flow back through the external circuit, and thereby
establishing an electron flow in the opposite direction to that
observed in stage II. During stage II, the voltage decay rate is seen to
diminish from 8 to 64 min as the external resistance is increased
from 1 to 90 kU, which can be related to the decay time constant
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(t), given by t ¼ RC, where R is the load resistance and C is the
capacitance of the TCC, as shown in Fig. 7c. To calculate the har-
vested energy during different stages which utilize equations such
as E ¼ (!V dt)/R, where V represents the voltage across the external
load and R is the external resistance and dt is the capacitor charging
time relating to the resistance of the external load. As the external
load resistance increases, more energy is converted during the
charging or discharging cycle (Fig. S7). When the resistance of the
external load is 90 kU, the electricity collected in one thermal cycle
is 4 mJ, consisting with previous reports [53,64]. Thus, the thermal
cycle experiment illustrated in Fig. 7 successfully demonstrates the
potential of the novel PVA/SA/PEG/NaBF4 as ITESC in wearable
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thermoelectric devices. Overall, the PVA/SA/PEG/1.5M-NaBF4
hydrogel exhibited a high PF of 13.96 mW/m/K2, a maximum ionic
Seebeck coefficient of 66.7 mV/K, and an ionic conductivity of
31.4 mS/cm. These remarkable thermoelectric characteristics were
attributed to the synergistic effects of Manning's counterion
condensation and enhanced PVA crystallinity, as supported by the
SEM, FTIR, and XRD results presented in Figs. 2cef, 3a, and b,
respectively. The hydrogel's unique mechanical properties,
including a tensile stress of 69 kPa and a strain of 114%, further
contribute to its suitability for wearable device applications. This
high performance stretchable ITESC opens up and facilitates sub-
sequent research for achieving self-sustainable electronic devices,
including disposable, low-cost, and compact sensors.

4. Conclusion

The present study highlighted the synergistic effects of Man-
ning's counterion condensation induced by sodium alginate (SA)
and crystallinity provided by polyvinyl alcohol (PVA) in enhancing
the selectivity of ion migration in thermally chargeable capacitors
(TCCs). The effects of post-synthetic immersion of the PVA/SA/PEG
in various concentrations of tetrafluoroborate (NaBF4) aqueous
solution were investigated. The results indicated that the TCCs
based the treatment with 1.5 M NaBF4 provide optimal thermo-
electric properties, with an ionic Seebeck coefficient of 66.8 mV/K,
an ionic conductivity of 31.4 mS/cm, and a power factor of
13.96 mW/m/K2. This study not only demonstrate the potential of
the novel PVA/SA/PEG/NaBF4 as ITESC in wearable thermoelectric
devices but also contributing to the advancement of cutting-edge in
the field of ionic thermoelectric materials.
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