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ARTICLE INFO ABSTRACT
Keywords: Quasi-solid thermoelectrochemical cells (TECs) are promising candidates for wearable energy harvesting devices
Thermoelectrochemical cells as they enable the continuous conversion of low-grade heat into electricity. However, the TEC performance
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remains limited by inadequate ionic conductivity. Herein, a triple-network hydrogel consisting of poly-
acrylamide/poly(vinyl alcohol)/cellulose nanofiber (PAAM/PVA/CNF) is synthesized via a freeze-thaw method,
and soaked in the thermogalvanic redox couple Fe(CN)2 ™4 as the electrolyte. By optimizing the polymer
composition and soaking time, a superior ionic conductivity of 168 mS cm ™ is achieved while maintaining a
thermopower of ~1.69 mV K. The high ionic conductivity is provided by the fractal microstructure of the
hydrogel, as revealed by small-angle X-ray scattering (SAXS). Moreover, the as-fabricated thermoelectric
generator array exhibits an exceptional power output of 28.7 yW at a temperature difference of 11.9 K. This work
provides insights on the development of wearable thermoelectric materials for practical and reliable energy

harvesting applications.
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1. Introduction

In contemporary society, the pressing energy crisis and environ-
mental pollution issues demand immediate attention and resolution
[1-6]. To this end, green energy sources have emerged as an effective
approach toward sustainable development and long-term viability.
Among the available low-grade thermal energy sources such as solar
energy, industrial heat, and human body heat, a substantial amount is
dissipated into the surrounding environment as waste heat [7-11].
Consequently, there has been growing interest in the advancement of
thermoelectric devices that enable the effective capture and utilization
of such waste heat. Unlike conventional power sources, thermoelectric
devices have the distinct advantage of directly converting heat energy
into continuous electricity, thereby eliminating the need for frequent
recharging. Extensive research efforts have been devoted to investi-
gating traditional electronic thermoelectric materials, which encompass
narrow-bandgap compound semiconductors that employ either elec-
trons or holes as charge carriers, with the aim of enhancing their per-
formance and capabilities [12-16]. Nevertheless, the widespread
applications of conventional inorganic thermoelectric materials are
limited by their potential toxicity, brittleness, limited flexibility, and
high cost [17-21]. Additionally, these materials typically exhibit low
thermopowers on the scale of microvolts per kelvin, which necessitates
the integration of numerous thermoelectric units or additional voltage
amplifiers to achieve the desired voltage output for small temperature
differentials [22-27]. Hence, thermoelectrochemical cells (TECs) have
recently gained considerable attention due to their affordability and
comparatively high thermopowers on the scale of millivolts per kelvin
[28-36]. A TEC consists of two inert electrodes and an electrolyte so-
lution containing a redox couple. The temperature-dependent redox
reaction that occurs during electron transfer between the redox couple
and electrodes enables steady energy conversion. Various redox couples,
such as FeZ™/3* [37-39], I7/I°" [40,41], Coym(bpy)3™3* [42], and
Sn?*/4* [31] have been used in liquid-state TECs to achieve milliwatt
outputs and relatively high energy conversion efficiencies even under
small temperature gradients. However, the practical application of
liquid TECs has been hindered by leakage issues. To address this chal-
lenge, hydrogel-based quasi-solid TECs have been developed that
encapsulate the redox couples in polymer networks. Quasi-solid TECs
incorporating polymer matrices such as gelatin [43], poly(vinyl alcohol)
(PVA) [44], polyacrylamide (PAAM) [45,46], polyvinylidene difluoride
(PVDF) [42], and cellulose [47-49] have been successfully developed,
thereby enabling the realization of flexible power supplies [50,51].
Nevertheless, the energy harvesting capability and potential applica-
tions of the hydrogel system are restricted by the complex encapsulation
processes and suboptimal thermoelectrochemical properties, with a
thermopower of approximately 1 mV K~ ! and a low ionic conductivity of
a few millisiemens per centimeter [52-56]. As a result, the focus of
recent research has shifted towards developing flexible TECs with
enhanced thermoelectric performances, especially in terms of the ionic
conductivity.

Herein, TECs are developed based on a triple-network structure of
polyacrylamide/poly(vinyl alcohol)/cellulose nanofiber (PAAM/PVA/
CNF). These TECs are specifically tailored for the high-efficiency har-
vesting of low-grade thermal energy by utilizing the ferro/ferricyanide
Fe(CN)2~/* ion redox couple. A novel application of small-angle X-ray
scattering (SAXS) to the hydrogel system reveals the controlled nano-
structure of the TECs that is obtained via the optimized polymer
composition and appropriate redox solution soaking time. As a result,
the TEC exhibits a superior ionic conductivity of 168 mS cm™?, a high
power factor (PF) of 47.9 pW m! K’z, and a figure of merit (zT) of 0.06.
To further showcase the potential of the optimized TEC, a 3 x 3 ther-
moelectric generator (TEG) array is assembled and shown to provide a
high output current of 1.0 mA, an output voltage of 113.1 mV, and a
power density of 14.2 mW m ™2 at a temperature difference of 11.9 K.
Moreover, the TEG array delivers a stable voltage when attached to the
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human skin, yielding a voltage output of 76.9 mV at an ambient tem-
perature of 298.15 K. This successful demonstration highlights the
feasibility of the proposed strategy for practical wearable power gen-
eration applications.

2. Experimental section
2.1. Materials

Acrylamide (AAM) monomer, ammonium persulfate (APS), N,N'-
methylenebisacrylamide (MBAA), poly(vinyl alcohol) (PVA, MW =
89000-98000), boric acid (borax), potassium ferricyanide (KsFe(CN)g),
potassium hexacyanoferrate (II) (K4Fe(CN)g-3Ho0) and poly-
dimethylsiloxane (PDMS, base: crosslinker = 10:1) were purchased from
Sigma-Aldrich. Cellulose nanofiber (CNF) with a weight percentage of 3
wt % was purchased from Process Development Center (PDC) of The
University of Maine.

2.2. Preparation of double-network (DN) or triple-network (TN) hydrogel
samples

Initially, a PAAM solution was prepared by dissolving 3 g of AAM
monomer and 5 mg of APS initiator in 15 mL of deionized (DI) water.
Simultaneously, a PVA solution prepared by dissolving 1 g of PVA
powder in 10 mL of DI water. The DN and TN hydrogels were synthe-
sized using a one-pot method. In the case of the DN hydrogel, the PAAM
and PVA solutions were combined, while for the TN hydrogel, the
PAAM, PVA, and CNF dispersion were mixed. The specific mixing ratios
for each component are provided in Table 1. The resulting mixture was
stirred for 30 min. To initiate crosslinking, MBAA and a 0.1 M borax
solution were incrementally added to the mixture according to the
prescribed ratios mentioned in Table 1. The solution was further stirred
for an additional 30 min. Subsequently, the mixed solution was sub-
jected to heating at a temperature of 70 °C for 5 h to facilitate thermo-
polymerization of the PAAM. This was followed by the implementation
of a one cycle freeze-thaw method between temperatures of —40 °C and
25 °C, to obtain either DN or TN hydrogel samples.

2.3. Preparation of thermoelectrochemical cells (TECs)

To obtain DN or TN TECs, the prepared DN or TN hydrogel samples
were soaked in a K3,4Fe(CN)g solution in DI water with concentrations
of 0.25/0.42 M for 24 h. And different soaking times from 30 s to 24 h
were employed to facilitate further investigation.

Table 1

Composition of double-network (DN) and triple-network (TN) hydrogel samples,
PVA solution were prepared with mass concentration of 10 wt%, borax solution
were prepared with molar concentration of 0.1 M.

Sample  AAM PVA CNF MBAA" Borax
solution solution® dispersion (mg) solution
(mL) (mL) (® (mL)
DN-V1 1 1 0 0.1 0.67
DN-V2 1 2 0 0.1 1.34
TN- 1 1 0.1 0.1 0.67
ViCl
TN- 1 2 0.1 0.1 1.34
V2C1
TN- 1 2 0.2 0.1 1.34
V2C2

# The PVA solution was prepared with mass concentration of 10 wt%.

b The adding amount of MBAA crosslinker was fixed in the concentration of
0.1 mg/mL to PAAM solution.

¢ The adding volume of borax solution was fixed in the ratio to PVA solution in
2/3 mL vol/vol.
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2.4. Fabrication of TEG array

Firstly, a PDMS mold was created with 3 x 3 square array, where
each rectangle were fixed at dimensions of 1.5 x 1.5 cm? and a height of
0.3 cm. The prepared TN-V2C1 TECs were cut into 1.5 x 1.5 x 0.3 cm®
and placed into PDMS mold. Each piece were connected by Ni electrodes
to form the TEG array. Finally, the TEG array was encapsulated using
thermoconductive tape.

2.5. Thermoelectrochemical performance measurements

The thermoelectrochemical performance measurements for both
TECs and TEG array were conducted using a specific apparatus. The
setup consists of two Peltier units positioned in vertical direction,
capable of functioning independently as the hot and cold parts. The
temperature of hot section was controlled by customized temperature
controller, while the temperature of cold section was controlled by
water bath. To measure the temperatures at both ends of the thermo-
electric generators (with Ni electrode used for all thermo-
electrochemical measurements), two thermocouples were employed.
The measurements were carried out using a Keithley 2400 source meter/
voltmeter/data acquisition in conjunction with a customized tempera-
ture recorder.

3. Results and discussion

3.1. Preparation of double-network (DN) and triple-network (TN)
hydrogel samples

The step-by-step preparation process of the TN TEC is shown sche-
matically in Fig. 1. First, the formation of polyacrylamide (PAAM)
chains was prepared via a radical polymerization process using acryl-
amide (AAM) as the monomer and ammonium persulfate (APS) as the
initiator. Meanwhile, a poly(vinyl alcohol) (PVA) solution was prepared
separately by dissolving the PVA powder in deionized (DI) water. The
two polymer solutions were then mixed with a cellulose nanofiber (CNF)
dispersion. N,N-methylenebisacrylamide (MBAA) and borax were used
as crosslinkers for the PAAM and PVA, respectively. Thermo-
crosslinking and freeze-thaw processes were performed out to obtain
the triple-network TN hydrogel samples, wherein the PAAM network
provides shape construction ability via strong crosslinking interactions
with MBAA, while the PVA network imparts flexibility through its mo-
bile polymer chains within the hydrogel, and the CNF network in-
terpenetrates the PAAM and PVA polymer chains to enhance the
mechanical properties of the hydrogel, as demonstrated in Figs. Sla—c of
the Supplementary Material.

To fabricate the TN TEC, the TN hydrogel samples were immersed in
an Fe(CN)g’/ 4 redox solution. As shown in Figs. S1d-f, the excellent
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mechanical properties of the as-fabricated TN TECs were demonstrated
via stretching and twisting tests. The same procedures were followed,
but without the addition of CNF, to obtain pristine DN hydrogel samples
and DN TECs, as shown in Fig. S2. A complete list of all hydrogel samples
and their corresponding components is provided in Table 1. Thus, the
DN hydrogel samples designated DN-V1 and DN-V2 were prepared using
1-mL and 2-mL PVA solutions, respectively, at a fixed PAAM concen-
tration of 0.1 mg/mL, while the TN hydrogel samples designated TN-
V1C1, TN-V2C1, and TN-V2C2 were prepared using PVA/CNF ratios
of 1 mL/0.1 g, 2mL/0.1 g and 2 mL/0.2 g, respectively, at a fixed AAM
concentration of 0.1 mg/mL.

3.2. Molecular interactions, morphologies, and mechanical properties

The molecular structures of the various hydrogel samples are
revealed by the attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectra in Fig. 2a. Here, the characteristic FTIR bands of the
hydrogel samples remain relatively consistent across the various com-
positions. In detail, the bands at 3390 cm ™! and 3225 cm ™! correspond
to the symmetrical stretching vibrations of the ~OH groups and N-H
bonds, respectively. Additionally, the bands at 1643 cm’l, 1424 cm’l,
and 1140 cm ™! correspond to the symmetric stretching vibrations of the
C =0 bonds, -NH; groups, and B-O-C bonds, respectively. Notably, the
bands at 3390 cm™! exhibit stronger peaks as the concentrations of
either PVA or CNF are increased (Fig. S3a), thus indicating an increased
quantity of ~OH groups. However, the bands at 3225 cm™! remain
nearly unchanged, thereby indicating a consistent amount of PAAM in
the hydrogel samples. Furthermore, the stretching vibrations of the
B-O-C bonds exhibit increasing peak intensities as the amount of borax
solution is increased (Fig. S3b).

The morphologies of the hydrogel samples are elucidated by the
cross-sectional field-emission scanning electron microscope (FESEM)
images of the freeze-dried DN and TN hydrogel samples in Fig. 2b-f.
Here, each sample exhibits an interconnected reticular porous micro-
structure that should provide favorable ion transport characteristics
when employed with an electrolyte. Upon the addition of the CNF filler,
however, the TN-V1C1, TN-V2C1, and TN-V2C2 hydrogel samples each
exhibit a more organized arrangement (Fig. 2d-f). Moreover, these
three-dimensional (3D) framework samples exhibit enhanced mechan-
ical stability during stretching or twisting (Figs. Sla—c), thereby poten-
tially improving the thermoelectrochemical performance, due to the
presence of a well-defined pore structure. These findings are supported
by the lower magnification images in Fig. S4, thereby indicating the
excellent homogeneity of the various hydrogel samples.

The rheological properties of the various hydrogels within the tem-
perature range of 20-40 °C are revealed in Fig. 3a. Here, all of the
hydrogel samples maintain their quasi-solid states throughout the tem-
perature range, as indicated by the storage modulus (G') being higher

Regions of ice crystal formed

Fe(CN)&

Fe(CN)+

Freeze-thaw method Triple-network (TN) hydrogel Soaking into redox solution

Fig. 1. Schematic illustration of TN TECs preparation process and corresponded optical image.
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Fig. 2. Molecular and morphology characterization of pristine hydrogel samples. (a) ATR-FTIR full spectra, SEM images of (b) DN-V1, (c) DN-V2, (d) TN-V1C1, (e)

TN-V2C1 and (f) TN-V2C2.
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Fig. 3. Mechanical properties of pristine hydrogel samples and TECs. (a) Rheology analysis under the temperature range from 293.15 K to 313.15 K for pristine
hydrogel samples, (b) stress-strain curve of TECs, and (c) yield stress and tensile strain comparison along with various TECs.

than the loss modulus (G’’). Moreover, the values of G' and G’ remain
relatively constant as the temperature increases. These results indicate
the stability of the 3D hydrogel framework within the operational
temperature range, thereby ensuring a consistent ion transport channel
as a TEC. Notably, the CNF filler plays a vital role in significantly

influencing the mechanical properties by causing a larger difference
between the G’ and G’ values in the TN hydrogel samples, as confirmed
by the stretching test results in Figs. S5a and b. In the absence of CNF,
the tensile strains of the DN-V1 and DN-V2 hydrogel samples increase
from 160 % to 176 %, respectively (Figs. S5a and b). In the presence of
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CNF, however, the yield stress is enhanced by the reinforced morpho-
logical structure, as demonstrated in Fig. 2d—f and Figs. S4c—e. More-
over, the TN-V2C1 hydrogel sample exhibits the best mechanical
properties of all, with a yield stress of 25.7 kPa and a tensile strain of
228 %, thereby demonstrating that this is the optimum composition. The
optimal mechanical properties observed in TN-V2C1 are attributed to a
balanced polymer concentration. The moderate concentration of poly-
mer, when combined with PVA, contributes to expansion and softness,
while the incorporation of CNF provides toughness within the hydrogel
matrix. It should be noted that excessive amounts of either PVA or CNF
may compromise mechanical attributes such as yield stress or strain,
respectively.

As shown in Fig. 3b and c and Fig. S5c, the TECs maintain good
mechanical properties even after being soaked in the redox solution,
although there is a slight increase in the yield stress and a slight decrease
in the tensile strain. For example, the TN-V2C1 TEC exhibits a yield
stress of 26.3 kPa and a tensile strain of 214 % after soaking, compared
to 25.7 kPa and 228 % before soaking. This can be attributed to the
weakened interactions between the polymer and water molecules due to
solvent exchange between the deionized (DI) water and the redox so-
lution. Taken together, the above results indicate that the hydrogel-
based TECs maintain adequate mechanical properties, thus making
them suitable for applications in wearable electronics.

3.3. Electrochemical and thermoelectrochemical properties

The electrochemical properties of the TECs in a two-electrode system
with thin-film platinum electrodes are revealed in Fig. 4. Here, the
various TECs each exhibit similar reduction and oxidation peaks in the
cyclic voltammetry (CV) curves obtained at a scan rate of 10 mV st
(Fig. 4a), corresponding to the Fe(CN)2 ™/ 4 redox couple, thereby indi-

cating excellent electrochemical activity within the hydrogel matrix.
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However, the reduction peak of the DN-V1 TEC and the oxidation peak
of the TN-V1C1 TECs exhibit slightly broader and less symmetric peak
shapes. This can be attributed to the lower amounts of PVA in these
samples, which are insufficient for providing stable water channels
within the TECs. Hence, TECs with higher PVA concentrations (i.e., the
DN-V2, TNV2C1, and TN-V2C2) maintain excellent redox reaction ac-
tivity due to their ample quantities of ~OH groups from the sufficient
water channels provided by the PVA.

Further information is provided by the electrochemical impedance
spectroscopy (EIS) results in Fig. 4b, and the corresponding equivalent
circuit in Fig. S6a. Here, the charge transfer resistance (R¢y) and the
Warburg element are used to simulate the diffusion resistance (W),
while the series resistance of the external circuit (Rg) and the capacitor
(Q) represent the connected wire and the redox ion electron double-layer
behavior near the electrode, respectively. The ionic conductivities were
calculated from the intercepts of the tailing lines with the Z’ axis, which
represent the diffusion impedances of the TECs, and the results are
presented in Fig. 4c. Here, the TN-V2C1 TEC exhibits the highest ionic
conductivity of 163 mS cm™!, which can be attributed to the large
quantity of water channels provided by the optimal amount of PVA,
along with the structural integrity provided by the optimal amount of
CNF. In view of this result, the TN-V2C1 TEC was selected for the
following investigation on the effects of various soaking times on the
ionic conductivity and mechanical properties.

The thermogalvanic effect in the TEC is driven by the temperature-
dependent electrochemical reaction of the redox couple (Fe(CN)g~ +
€ = Fe(CN)¢ ") at the two Pt electrodes. The resulting gain and loss of
electrons leads to a potential difference across the electrolyte between
the hot and cold electrodes, while the consumption of the ions in the
redox couple create an ion concentration difference, which promotes the
migration of ions between the electrodes. The uninterrupted flow of
electrons and the migration of ions enable the thermocell to provide a
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continuous power supply. The thermopower (@) of the thermogalvanic
effect can be expressed as in Equation (1):

AV Vi-Vo
AT Ty-Tc

@

where AV and AT are the respective voltage and temperature differences
between the two electrodes, Vy and V( are the electrical potentials of the
hot and cold electrodes respectively, and Ty and T¢ are the respective
hot and cold terminal temperatures. Thus, the thermoelectrochemical
performance of the TEC at redox ion concentrations of 0.42 M and 0.25
M for the Fe(CN)é_ and Fe(CN)g_, respectively, are presented in Fig. 4d.
Here, the thermopower is seen to remain relatively constant at
~1.68-1.69 mV K ™! for most of the TECs, except for the DN-V1 sample.
This deviation can be attributed to the less symmetric redox reaction
evidenced in this particular electrolyte by the CV results in Fig. 4a. These
results suggest that the thermopower of the cell is highly dependent on
the specific redox reaction of Fe(CN)g’/ 4 [57,58]. It is noteworthy that
the enhancement of redox thermopower can be achieved through sol-
vation shell engineering, which directly influences the entropy change
during the redox process. However, it is essential to consider that
thermopower is also influenced by the concentration of the redox spe-
cies. Here, the consistent presence of abundant water in the hydrogels
results in similar solvation shells across different samples. Therefore, the
absence of variation in concentration among the tested TEC samples
contributes to the similar thermopower values.

(a)
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3.4. Soaking time dependent ionic conductivity and mechanical properties
in TN-V2C1 TECs

The effects of various soaking times on the ionic conductivity and
mechanical properties of the TN-V2C1 TEC with fixed redox ion con-
centrations of 0.42 M and 0.25 M for Fe(CN)g’ and Fe(CN)g’, respec-
tively, are revealed by the CV measurements in Fig. S6b, . Here, all the
TEC samples exhibit similar redox peaks, although the oxidation or
reduction peaks of the samples with soaking times of less than 1 h
exhibit unexpected shapes. This indicates that the TEC does not become
fully saturated with redox ions during the initial hour of soaking.

Meanwhile, the measured thermopowers of the samples with various
soaking times are presented in Figs. S7a and b. Here, the thermopower is
seen to increase gradually as the soaking time is increased up to 1 h, after
which the concentration of redox ions becomes saturated, thus leading
to a constant @ = thermopower of approximately 1.69 mV K1. This
suggests that the thermopower is highly dependent on the redox reac-
tion of Fe(CN)g’/ 4', and that the saturation of the redox ion concen-
tration plays a crucial role in achieving stable and predictable
thermopower values.

The above results are confirmed by the EIS analysis in Fig. 5a, where
the TECs that were soaked for less than 1 h (and especially that soaked
for 30 s) exhibit a higher impedance, as indicated by the semicircle at
high frequency. Moreover, a closer examination of the Nyquist plot in
Fig. 5b reveals the presence of both charge transfer (hemisphere) and
diffusion (tailing line) impedance for the TECs with less than 1 h of
soaking. By contrast, the sample that was soaked for 1 h exhibits the
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lower charge transfer and diffusion impedance, respectively, along with
an enhanced ionic conductivity of 168 mS cm ! (Fig. 5¢). The increased
ionic conductivity with soaking times of more than 1 h can be attributed
to the saturation of ion concentration within the TEC, thereby maxi-
mizing the ion transport behavior. Thus, the appropriate soaking time
plays a crucial role in facilitating the ion transport behavior and main-
taining sufficient redox reactions at the two electrodes. Nevertheless, the
results in Fig. 5a—c indicate that the ionic conductivity is decreased
when longer soaking times (e.g., above 1 h) are employed, with a larger
hemisphere indicating a larger charge transfer impedance, and a larger
intercept at the Z' axis indicating significant diffusion impedance. This
suggests that prolonged soaking time can lead to the exclusion of water
molecules from the TEC, thus resulting in the collapse of water clusters
and subsequent suppression of ion transport through the material.

The effects of soaking time on the mechanical properties of the TECs
are revealed in Fig. 5d. When the TECs is immersed for less than 1 h, the
yield stress is increased from 24.9 to 30.1 kPa, while the tensile strain is
decreased from 213 to 210 %. This can be attributed to the exclusion of
water molecules from the TEC during soaking. Initially, the polymer
chains within the TEC interact with water molecules, which contribute
to the flexibility and tensile strain. However, the presence of the redox
solution during soaking leads to the exclusion of these water molecules,
thereby decreasing the water content of the TEC and allowing the
polymer chains to become entangled and develop stronger intermolec-
ular interactions. This, in turn, leads to an increase in the yield stress and
a decrease in the tensile strain. Nevertheless, the yield stress and tensile
strain values of the TECs remain sufficiently strong for their application
and durability in wearable electronics.

3.5. Small-angle X-ray scattering (SAXS) for nanostructure analysis

The nanostructures of the hydrogel samples were characterized by
small-angle X-ray scattering (SAXS), as shown in Fig. S8. Here, a syn-
chrotron X-ray source was used to allow for a short collection time,
which is particularly beneficial when studying polymer systems with
low electron density contrast. For example, the scattering curve of the
TN-V2C1 hydrogel sample is shown in Fig. S9a, where two distinct re-
gions (labeled Region I and Region II) are observed and are separated by
a knee point at a q. of approximately 0.01 A~1. The fractal structures
within the double- and triple-network hydrogels can be characterized on
a multiscale level using the Beaucage unified equation with R, repre-
sents the radius of gyration and Dy represents the fractal dimension. (see
Supplementary information) [59,60].

In RegionI(q < q.), the scattering is predominantly influenced by the
contribution from global polymer clusters, and the scattering intensity
below 0.0025 A~! displays a Guinier profile (red dots), thus indicating a
large-scale inhomogeneous structure characterized by the global radius
of gyration (Rg goba)- In the scattering range of 0.0025-0.01 AL
however, a power-law intensity profile with I(q) ~ g Prswa is observed
(green dots), indicating a global fractal structure described by the global
fractal dimension (Dy, giopat). By contrast, the scattering within Region II
(q > q.) provides information on the structure of the building blocks that
construct the global fractal structure. Here, a Guinier profile (red dots)
indicative of a small-scale inhomogeneous structure characterized by
the local radius of gyration (Ry, joca) is observed at a scattering intensity
of 0.01-0.06 A™1., while a power-law intensity profile with I(q) ~
g Drea (green dots) is observed above 0.06 A~!, thus suggesting that the
building block is also a fractal object characterized by the local fractal
dimension (Df, jocq))- Notably, the Dy, jocq in Region II approaches 2.0,
thus suggesting that the building block resembles a Gaussian coil [61].
Thus, as shown schematically in Fig. S9b, the building block can be
visualized as a blob (represented by the blue sphere) containing a
polymer chain, and the global network structure is generated by the
interconnection of the blobs via the crosslinking reaction. Finally, the
proposed structure of the TEC is shown in Fig. S9¢, where the redox ions
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are assumed to be evenly distributed within the hydrogel matrix.

The SAXS profiles of the various hydrogel samples are shown in
Fig. S10a, and the corresponding fittings are presented in Fig. S1la.
Thus, the observed scattering curves each display a shoulder at around q
=0.025 A" and are well fitted by the two-level unified equation (i.e.,
Equation (S1)). The resulting Rg iocat, Df, global» and Ry, globar Values of the
various hydrogel samples are plotted in Figs. S10b—d, respectively. Thus,
the Ry gioba is seen to decrease slightly as the concentration of PVA is
increased, from 35.6 A for the DN-V1 to 32.5 A for the DN-V2
(Fig. S10b). This can be attributed to the higher crosslinking density
attained at a higher polymer concentration, which results in a smaller
blob size. Meanwhile, the Dy, gopq1 values in Fig. S10c can be correlated
with the mechanical properties observed in the rheology and stretching
analyses (Fig. 3a, S5a, and S5b), as higher Dy, gj05q; values correspond to a
denser network structure and, hence, stronger mechanical properties.
Moreover, the addition of CNF is seen to enhance the Dy, gopar value, with
the TN-V2C1 hydrogel exhibiting the highest Dy gopa value of 3.81.
Notably, this is close to the value of 4.0 associated with the close packing
of the blobs. These results align with the rheology analysis, which
showed the largest difference in G’ and G’ values and higher yield stress
and tensile strain in the stretching test for TN-V2C1 (Fig. 3a). At the
same time, the addition of CNF leads to a decrease in the Ry gopas from
1532 A for the DN-V2 to 1499 A for the TN-V2C1 (Fig. 6d), thus sug-
gesting that the nanofibers fill up any empty spaces in the hydrogel
structure.

The TECs scattering curves are presented in Fig. 6a, and the corre-
sponding fitting lines are presented in Fig. S11b. Here, the aggregation
shoulders are seen to be reduced in intensity relative to those of the
corresponding hydrogels due to the shrinkage of the fractal structure
during soaking. Consequently, the Rg jocq values are found to decrease
from 42.4 A for the TN-V2C1 hydrogel (Fig. S10b) to 29.3 A for the
corresponding TECs (Fig. 6b), and similar trends are observed for the
other hydrogels and their corresponding TECs. The water molecules
have been partially excluded after soaking into redox ions solution by
the osmotic difference and causing the shrinkage of blobs because of the
weaker interaction between polymer chains and water molecules. The
decrease in the amount of water with increased soaking time is further
demonstrated by the wide-angle X-ray scattering (WAXS) analysis in
Fig. S12a, where a corresponding decrease the scattering intensity and
collapsed water cluster with a shift in the peak position is observed [62,
63]. Nevertheless, the Dy gopq values of the TECs (Fig. 6¢) remain
comparable to those of the corresponding hydrogels (Fig. S10c), thus
indicating similar mechanical properties. This agrees with the results in
Fig. 3a-c, S5a, and S5b), where the TECs exhibit similar yield stresses
and only minor decreases in tensile strain compared to the corre-
sponding hydrogel samples. The shrinkage of the blobs and the forma-
tion of a condensed structure during soaking of the hydrogels are further
revealed by the global size analyses, where the Ry gopa iS seen to
decrease from 1499 A for the TN-V2C1 hydrogel (Fig. S10d) to 1326 A
for the corresponding TECs (Fig. 6d).

The soaking time-dependent nanostructures of the TN-V2C1 TECs
are revealed in Fig. 6e, the corresponding scattering curve and fitting
line are given in Fig. S11c, and the resulting R iocal, Df, global, and Ry, global
values are presented in Fig. 6f-h, respectively. Thus, the Ry jocq is seen to
decrease initially from 36.9 A t0 28.6 A at the soaking time is increased
from 0.5 h to 1 h, thereby indicating a reduction in the blob size (Fig. 6f).
With the further increase in soaking time, however, the Ry jocq Temains
at around 28 A, thus suggesting that the TECs have reached a saturation
state. A similar trend ios observed in the Rgoglobal (Fig. 6h and S12b) with a
decrease from 1471 A at 0.5 h to 1371 A at 1 h of soaking due to the
collapse of the water clusters by osmotic difference. These results indi-
cate the presence of moderate concentrations of redox ions/water mol-
ecules within the TECs, which is beneficial for ion transport and is
consistent with the abovementioned EIS analysis, where the lower
impedance and the highest ionic conductivity of 168 mS cm™! is
observed at 1 h (Fig. 5a—c). However, soaking times of more than 1 h



Y.-T. Lin et al.

Journal of Power Sources 609 (2024) 234647

(a) (b) ©
40 4.0 1600
10°F {
> o DN-V2 (soaked) 38t 1550
1500 -
I 351 36+ o
- 2 1450 [
‘e % = _34f
Sl 4 2 = 1400 -
2 830k 3.2} 3
® o & o 51350 |
€10l [ & 1300
2 25 287 g 1250 |
10°F 26+ 1200 +
L)
\ . 20k . . L L 24k . . . . 1150 Lu . . . .
102 10°! DN-VI  DN-V2 TNAVICT TN-V2CT TN-V2G2 . DNVI DN-V2 TNVACH TN-V2CT TN-V2C2 DN-VE  DNAV2 TNVICT TN-V2CT TN-V2C2
(e) o &) ) @ (h)
40 3.7 ° 1500
[ ]
10°F °
360
@ 1450 +
0% 351 =
£ =3 535f * <
102k g 2 31400 |
= 2 g =
E mm 34+ [f“
E il 30t °
° A 1350
[ BN ] o L}
10°F Py °
L]
\ ) sl v RS poolb— 0 v @
102 10" 0 5 10 15 20 25 0 5 10 15 20 25 0 5§ 10 15 20 2
q (A" Redox Couple Soaking Time (h) Redox Couple Soaking Time (h) Redox Couple Soaking Time (h)

Fig. 6. SAXS analysis of TECs. (a) scattering curves of TECs, (b—d) R, and Dy values of TECs after soaking 24 h, (e) scattering curves of different soaking time for TN-
V2C1 TEGs, and (f-h) Ry and Dy values of TN-V2C1 hydrogel-based TECs for different soaking time.

may lead to excessive exclusion of water molecules, thereby suppressing
the ionic conductivity. Therefore, a soaking time of 1 h is considered to
be optimal, as it provides moderate concentrations of redox ion/water
molecules without significantly compromising the ionic conductivity.
Moreover, the Dy, gopar values are seen to increase slightly from 3.71 at
0.5 h of soaking time to 3.81 at 1 h (Fig. 6g), thereby indicating that the
close packing of the blobs results in stronger mechanical properties in
agreement with Fig. 3b and c.

The temperature-dependent SAXS analysis of the TN-V2C1 TECs is
presented in Figs. S13a-d. Here, the scattering curves show minimal
differences in slope and aggregation shoulders across the low q to high g
regions, thereby indicating a stable nanostructure. However, some
changes in the fitted parameters are observed with the increase in
temperature. Specifically, the Ry jocq decreases slightly, from 28.3 to
23.6 A, as the temperature is increased from 298.15 to 318.15 K
(Fig. S13b). This suggests that the polymer chains become more
entangled at higher temperatures. Meanwhile, the Dy gopa decreases
slightly from 2.96 to 2.85 in the same temperature range (Fig. S13c),
while the Ry gobq increases to 1305 A (Fig. S13d). The latter observation
can be attributed to the shorter Rg jocq at higher temperature, which
allows more building blocks to participate in the formation of the global
fractal structure. However, it is important to note that the changes
observed in the temperature dependent SAXS analysis are relatively
small compared to the significant effects of the osmotic difference dis-
cussed above. These findings suggest that the nanostructure of the TECs
remains relatively stable under the working temperature range for TEC
applications.

3.6. Perspective on enhanced ionic conductivity and performance
comparison of TECs

To overcome the constraints imposed on the transport of redox ions
within the polymer matrix, it was imperative to manipulate the nano-
structure and water cluster contents of the TECs. As discussed above, the
optimization of the nanostructure was achieved by adjustments in both
the polymer composition and the duration of redox couple soaking,
thereby resulting in a remarkable enhancement in ionic conductivity.

Specifically, the TN-V2C1 TECs exhibit an impressive ionic conductivity
of 168 mS cm ™! when subjected to a soaking time of 1 h. As revealed by
the SAXS and WAXS analyses, the soaking time exerts a considerable
influence on the nanostructure, the water cluster content, and the
number of redox ions by inducing a denser fractal structure and
collapsing the water clusters. The decrease in the quantity of water
molecules would lead to shrinkage of the polymer chains and, hence, an
increase in surface area, which can facilitate ion transport due to the
ample quantity of - OH groups [64,65]. Meanwhile, the amount of
water molecules lost can be controlled by using the optimum conditions
to provide sufficient redox ion mobility. The above results demonstrate
that a soaking time of 1 h for the TN-V2C1 TEC provides the optimum
redox ion concentration and amount of water molecules, thereby
providing the highest ionic conductivity of 168 mS cm ™.

A comprehensive comparison of the ionic conductivities achieved by
the as-prepared and previously-reported TECs systems, encompassing
both quasi-solid and aqueous systems, is provided in Fig. 7a and
Table S1 [43,44,66-69]. Notably, the TN-V2C1 TECs demonstrate a
remarkable ionic conductivity of 168 mS cm !, surpassing that of the
single-network systems, double-network systems, mechanically-trained
hydrogel matrices, and even aqueous systems. This can be attributed
to the precise control of the nanostructures within the hydrogel matrix.
By optimizing the polymer composition and adjusting the redox couple
soaking time, the TEC achieves a highly favorable nanostructure that
facilitates efficient ion transportation. This advancement in nano-
structure engineering contributes significantly to the observed increase
in ionic conductivity.

The performance and mechanical properties of the as-optimized TN-
V2C1 TEC are compared with those of previously reported devices in
Fig. 7b and Table S2 [43,44,67-69]. The corresponding TECs parame-
ters were calculated using Equations (2) and (3)

Power Factor (PF) = a?c; (2)
PF
Figure of merit (2T) = T 3)

where k is the thermal conductivity and T is the working temperature.
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Overall, the as-optimized TN-V2C1 TEC exhibits remarkable perfor-
mance characteristics, with an impressive ionic conductivity of 168 mS
cm ™}, along with a competitively moderate thermopower of 1.69 mV
K1, a high PF value of 47.9 yW m~! K2, a high 2T value of 0.06, and an
exceptionally low thermal conductivity of 0.225 Wm ™! KL. In terms of
mechanical properties, the optimized TN-V2C1 TEC exhibits a moderate
tensile strain of 214 %. This exceptional thermoelectrochemical per-
formance clearly highlights the superiority of the as-fabricated TEC.
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3.7. Thermoelectric generator (TEG) array and wearable devices
applications

The TEG array consisting of nine TN-V2C1 TECs units is shown
schematically in Fig. 8a, and optical images are provided in Fig. 8b. Each
TEC was sliced and placed in a PDMS mold with dimensions of 1.5 x 1.5
cm? and a thickness of 0.3 cm. Flexible Ni electrodes were used to
interconnect the TECs. The TEG array was then encapsulated with
thermoconductive tape on the top and bottom surfaces. A custom-built

(d)

Fig. 8. TEG array performance and wearable device application. (a) schematic illustration of TEG array, (b) optical image of TEG array before encapsulation, (c) TEG
array performance, (d) optical image of TEG array for wearable electronics application.
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measurement system was employed to evaluate the TEG array, and the
performance results are given in Fig. 8c, indicated a high output current
of 1.0 mA, an output voltage of 113.1 mV, and a power output of 28.7
PW under a temperature difference of 11.9 K. The power density (Pmax)
is approximately ~ 14.2 mW m™2, resulting in a Ppa/AT? = 0.1 mW
m~2 K2, The current-voltage curves remain consistent with varying
temperature differences, thereby indicating the stability of the TEC
performance. However, a slight reduction in the output voltage is
observed relative to the thermopower of the TN-V2C1 TEC, which may
be attributed to the connecting resistance within the TEG array. Finally,
the practical application of the TEG array in wearable devices is
demonstrated in Fig. 8d, exhibiting an output voltage of 76.9 mV under
ambient temperature conditions of 25 °C and a human skin surface
temperature of 35 °C. The thermal image in Fig. 8d captures the real-
time temperature during the application of the wearable device. Addi-
tionally, Figs. S14a and S14b display output voltage and thermal images
of the TEG array positioned above a hotplate with temperature of
308.15 K.

In summary, a TEC with high conductivity was achieved in the
present study via control of the hydrogel matrix nanostructure. More-
over, the study demonstrated a high power factor and Figure of merit,
along with moderate thermopower and low thermal conductivity.
Finally, the TEG array constructed using the TN-V2C1 TEC exhibited
tremendous potential for applications in wearable devices.

4. Conclusion

Herein, flexible and stretchable quasi-solid thermo- TECs were suc-
cessfully fabricated for use as a wearable power supply. The TECs were
fabricated using a triple-network hydrogel matrix composed of PAAM/
PVA/CNF, which offers excellent mechanical properties and intrinsic
stretchability. The Fe(CN)g_/ 4 redox couple was used as a well-known
p-type electrolyte due to its suitable thermoelectrochemical perfor-
mance. By optimization of the TEC, significant results were achieved,
including a superior ionic conductivity of 168 mS cm ™, a high power
factor of 47.9 pyW m! K’z, and a figure of merit (2T) value of 0.06. The
exceptional performance was revealed by the utilization of SAXS and
WAXS analyses, which provided evidence of a nanostructure that en-
hances the ion transport capability. To demonstrate the practical
application of the TEC, a flexible and stretchable wearable TEG array
was fabricated consisting of 9 units of the optimized TECs connected
with flexible Ni electrodes, enclosed within a PDMS mold, and secured
with thermo-conductive tape. Importantly, the TEG array was designed
to conform to the curved surface of the human body. Under a temper-
ature difference of 11.9 K, the TEG array exhibited a high current den-
sity of 39.3 pA cm ™}, corresponding to an output voltage of 113.1 mV,
and a power output of 28.7 pW. When attached to the human skin, the
TEG array provided an output voltage of 76.9 mV. This work highlights
the potential application of quasi-solid TECs in daily wearable power
supply systems, offering low cost, impressive output performance,
compact structure, and stretchability. Furthermore, the present findings
demonstrate that the unique mechanical properties of the hydrogel
matrix open up new possibilities for wearable energy harvesting devices
in combination with TECs.
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