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a b s t r a c t

The quasi-solid state thermogalvanic cells (TGCs) have been extensively investigated due to their high
Seebeck coefficient (S) and suitability for wearable power generation. However, the influence of hydrogel
nanostructure on Seebeck coefficient remains underexplored. In this study, biocompatible TGCs based on
gelatin methacryloyl (GelMA) are fabricated via a fast-photocrosslinking process. Moreover, guanidium
chloride (GdmCl) salts are directly introduced into the TGCs to enhance the Seebeck coefficient via ion-
induced crystallization in the p-type FeCN6

3�/FeCN6
4� redox system. Small angle X-ray scattering reveals

controlled GelMA hydrogel mesh size adjusting the amount of GdmCl, leading to improved intermo-
lecular interactions between the guanidium cations and GelMA polymer. The optimized p-type Seebeck
coefficient reaches an unprecedented 21.6 mV K�1, which is the highest thus far reported in the context
of the TGC system. Furthermore, a prototype wearable thermoelectric generator (TEG) with an output
voltage of 1.6 V under a temperature difference (DT) of 9 �C is able to power an LED directly without
requiring an additional voltage booster. In brief, the dual effect of ion-induced crystallization and
nanochannel control substantially enhances the Seebeck coefficient of the TGC, thereby offering a
promising strategy for enhancing the performance of low-grade thermal energy harvesting wearable
TEGs.

© 2024 Elsevier Ltd. All rights reserved.
1. Introduction

The global consensus on achieving net zero emissions has spur-
redwidespread research into green and renewable energy solutions
in recent years [1,2]. Concurrently, the advancement of technologies
such as human sensing and wearable electronics has led to a
growing demand for wearable power generation devices [3,4].
Among these devices, wearable thermoelectric systems have
attracted significant attention due to their sustainable power gen-
eration capabilities, distinguishing them from triboelectric
tu.edu.tw (C.-L. Liu).
nanogenerators, piezoelectric nanogenerators, and solar cells [5e8].
By leveraging the Seebeck effect, thermoelectric materials can
convert heat differentials into electrical energy. However, conven-
tional inorganic thermoelectric materials are typically designed for
high-temperature environments (above 150 �C) and exhibit limited
Seebeck coefficients (S) of several hundred mV K�1, thus rendering
them less suitable for harnessing low-grade thermal energy such as
body heat [9,10]. Furthermore, the intrinsically rigid nature, high
cost, toxicity, and complicated processing of inorganic thermoelec-
tric materials impose limitations on their potential applications in
wearable energy harvesting [11e13].

By contrast, the thermogalvanic cells (TGCs) have emerged as
promising candidates for wearable energy harvesting due to their
higher Seebeck coefficients in the order of mV K�1 [14,15]. The TGCs
operate on the basis of redox reactions occurring at the electrode
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surfaces when exposed to a temperature gradient (DT), thereby
generating a voltage difference (DV) and enabling continuous po-
wer generation. For instance, Zhou et al. [16] proposed the
approach of increasing the entropy difference between redox
couples, and demonstrated a concentration gradient between two
electrodes via the encapsulation of triiodide ions in a-cyclodextrin
(a-CD). As a result, the aqueous a-CD�I3�/I� system achieved a p-
type Seebeck coefficient of 2.0 mV K�1 (A p-type Seebeck coeffi-
cient value in a thermogalvanic system is denoted as a positive
symbol in this paper). In 2018, Duan et al. [14] leveraged the ion-
induced crystallization effect by the introduction of guanidium
chloride (GdmCl) salts and urea into the FeCN6

3�/FeCN6
4� redox

solution to obtain liquid TGCs with an enhanced a p-type Seebeck
coefficient of 4.2 mV K�1. However, traditional liquid-state TGCs
suffer from the drawback of redox solution leakage, which poses
challenges in the packaging and construction of modules for
wearable devices [17,18]. Consequently, the quasi-solid state TGCs
have attracted significant research interest aimed at addressing this
issue, and significant efforts have been made to enhance their
Seebeck coefficients [11,19e28]. For instance, Han et al. [29] re-
ported the synergistic thermogalvanic and thermodiffusion effects
(collectively termed the Soret effect), and achieved an impressive
p-type Seebeck coefficient of 17 mV K�1 in the KCleFeCN6

3�/FeCN6
4�

gelatin system. In addition, Liu et al. [30] systematically investi-
gated the solvent effect as a strategy for enhancing the Seebeck
coefficient, giving an n-type S value of �2.49 mV K�1 for the tet-
ramethylene sulfone�Fe2þ/Fe3þ polyacrylamide hydrogel system.
With additive engineering in quasi-solid state TGCs, Zhang et al.
[31] in 2022 developed quasi-solid state TGCs using GdmCl salts to
make a GdmCl�FeCN6

3�/FeCN6
4� polyacrylamide/sodium alginate

dual-network system to achieve a Seebeck coefficient of
4.4 mV K�1. Subsequently, Li et al. [32] achieved a high Seebeck
coefficient of 24.7 mV K�1 by introducing glutaraldehyde into the
synergistic KCleFeCN6

3�/FeCN6
4� gelatin system. More recently,

Zhou et al. [33] fabricated porous gels by utilizing sodium acetate
(NaAc) templates and a freeze-drying treatment. By enhancing the
mass transfer of electrolytes and introducing the GdmCl salts, the
maximum power density of the TGC was increased from 4.01 to
7.68 mWm�2 at DT ¼ 10 �C. However, in the absence of GdmCl, the
pore structure had no apparent effect on the Seebeck coefficient.

Although adjusting the electrolyte solution represents a rela-
tively fast way to improve the thermoelectric performance, there is
minimal research exploring the influence of the hydrogel structure
(and, particularly, the nanostructural mesh size) on these proper-
ties. For example, Jiang et al. [34] reported homogeneous agar gel-
electrolyte hydrogels with microscale pore sizes ranging from 1 to
10 mm and an isotropic Seebeck coefficient of 3.3 mV K�1. Never-
theless, the impact of the GdmCl�FeCN6

3�/FeCN6
4� electrolyte on

the pore size of the agar hydrogel was not addressed. Consequently,
it is essential to comprehend the effects of redox couples and/or
additives on the micro- or nano-structures of the hydrogels, as this
may induce variations in the Seebeck coefficient. Moreover, the
fabrication process of the TGC plays a pivotal role in determining its
potential for commercialization, particularly with respect to
hydrogel formation. For instance, while chemical crosslinking can
enhance the mechanical properties of the hydrogel, the traditional
thermal crosslinking process is time-consuming. Furthermore, the
use of clean and non-toxic materials and processing methods is
crucial for wearable electronic applications.

In the present study, the biocompatible material gelatin meth-
acryloyl (GelMA) is used as the hydrogel matrix for the fabrication
of a quasi-solid state TGC via a rapid photocrosslinking process
[35,36]. By introducing the GdmCl salts into the TGC, an impressive
Seebeck coefficient of 21.6 mV K�1 is achieved due to the ion-
induced crystallization effect. To the best of the present authors’
2

knowledge, this represents the highest Seebeck coefficient thus far
achieved in the GdmCl�FeCN6

3�/FeCN6
4� system. Moreover, the

nanostructure of the GelMA-based hydrogel is systematically
analyzed via small angle X-ray scattering (SAXS). The results reveal
that the GdmCl salts interact with the GelMA polymers and regu-
late the mesh size, thereby influencing the mass transfer of the
redox couple and ion-induced crystals, ultimately enhancing the
entropy of the redox couple. Based on the high Seebeck coefficient,
a prototype 9-unit thermoelectric generator (TEG) is demonstrated
with an output voltage of about 1.6 V at DT ¼ 9 �C, capable of
directly powering a light-emitting diode (LED) without the need for
a voltage booster. This study highlights the dual effects of ion-
induced crystallization and mesh-size control facilitated by the
GdmCl salts, which further enhance the Seebeck coefficient. The
substantial output voltage, along with the rapid and simplified
fabrication process using biocompatible GelMA materials, un-
derscores the potential applications of the GelMA-based hydrogel
in wearable TEGs, and offers the feasibility of fabricating TGCs via
three-dimensional printing processes.

2. Experimental section

2.1. Synthesis of gelatin methacryloyl (GelMA)

GelMA was synthesized following a previously reported pro-
cedure [37,38]. Briefly, precursor A was prepared by dissolving 1 g
of gelatin powder in 100 mL of 0.01 M phosphate buffered saline
(PBS) solution in deionized (DI) water, and precursor B was pre-
pared separately by dissolving 500 mg of N-succinimidyl methac-
rylate in 100 mL of dimethylsulfoxide (DMSO). Each precursor was
heated at 60 �C for 2 h, after which the two precursors were mixed
and cooled overnight in a water bath. The GelMA solutionwas then
purified by dialysis against DI water through a cellulose membrane.
Finally, the solution was lyophilized for 3 days, and the GelMA
powder was stored in a desiccator at ambient temperature for
further use.

The degree of substitution (DS) of the GelMAwas determined by
1H nuclear magnetic resonance (1H NMR) spectroscopy (AVIII�500,
Bruker) [38,39]. After normalizing the phenylalanine signal
(7.0�7.5 ppm), the lysine methylene signals (2.9e3.0 ppm) were
integrated to obtain the areas A (lysine methylene of gelatin) and A
(lysine methylene of GelMA). The DS of GelMAwas then calculated
using Eq. (1):

DS ¼
�
1� A ðlysine methylene of GelMAÞ

A ðlysine methylene of gelatinÞ
�
� 100% (1)

2.2. Fabrication of the quasi-solid-state TGCs

The fabrication of the quasi-solid-state TGCs is illustrated in
Fig. 1. Briefly, GelMA powder (15% w/w), GdmCl (0, 1, 3, 5, and 10%
w/w) and the photoinitiator Lithium phenyl�2,4,6�trimethylb-
enzoyl�Phosphinate (LAP) (2% w/w with respect to GelMA) were
dissolved into DI water and heated at 60 �C for 2 h. The solutionwas
then cooled to 40 �C for further use. To prepare the hydrogels, each
homogeneous precursor solution was poured into a glass mold
(1.5 � 1.5 � 0.5 cm3) and crosslinked for 2 min using an ultraviolet
(UV) conveyor system with a wavelength of 365 nm and an in-
tensity of 330mW cm�2. The hydrogels containing 0,1, 3, 5, and 10%
GdmCl were denoted as GelMA_0G, GelMA_1G, GelMA_3G, Gel-
MA_5G, and GelMA_10G, respectively (Fig. 2a). For fabrication of
the quasi-solid-state TGCs, the hydrogels were soaked overnight in
a mixed solution of 0.4 M K3Fe(CN)6/K4Fe(CN)6 in DI water. The



Fig. 1. A schematic diagram showing the fabrication process of the GelMA-based TGCs. The photographic images of GelMA-based hydrogel and TGC are the GelMA_5G hydrogel and
TGC, respectively.

Fig. 2. (a) The chemical structures of GelMA, GdmCl, and LAP. (b) A schematic diagram of the GelMA-based hydrogel network. (c) A photographic image of a GelMA_5G hydrogel. (d)
The FT-IR spectra of the freeze-dried GelMA-based hydrogel powder.
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TGCs were then obtained by removing the residual redox solution
through wipers from the hydrogel surface.

2.3. Fabrication of the wearable thermoelectric generators

To fabricate the wearable thermoelectric generators, either
three or nine TGCs were placed in a polydimethylsiloxane (PDMS)
mold in a 1 � 3 or 3 � 3 array configuration, respectively. These
cells were then connected by nickel foils in a Z-shape configuration,
as shown in Fig. 7a. Finally, the thermoelectric generator was
encapsulated using thermally conductive adhesive tape and poly-
imide (PI) tape.

For measurement, the TGC was placed in the middle of two
platinum (Pt) electrodes (1.5 � 1.5 cm2), which were affixed on the
surface of heat sinks using PI tape. The temperatures of the hot and
cold heat sinks were controlled by awater-cooling system andwere
varied within the range of 24e34 �C at 80% relative humidity. To
measure the temperature, K-type thermocouples were positioned
between the Pt electrode and the TGC, and a Keithley DAQ 6510
multimeter was used for data acquisition. The voltage difference
across the TGC was measured under each temperature gradient
(DT) using a Keithley 2182A nanovoltmeter. The Seebeck coefficient
was determined by fitting a linear regression to 5e6 data points.
Additionally, the Seebeck coefficient of each TGC was calculated
based on 5 identically fabricated devices.

The performance of the thermoelectric generator was evaluated
using the same setup and orientation, with the exception of using
Ni foil as the electrode. The thermoelectric generator was placed in
the tested environment for at least 10 min, to make sure both the
hot and cold sides of the thermoelectric generator were in equi-
librium with the set temperature. The output characteristics were
measured by sweeping currents through the device and recording
the output voltage at a constant DT between the hot and cold heat
3

sinks. The output power was calculated by multiplying the output
voltage by the sweeping current. A Keithley 2400 source meter was
used to pass current. A thermal camera was employed to detect the
temperature of human skin and the surface of the thermoelectric
generator when applied to a wearable device worn on the forearm.

3. Results and discussion

The present study presents a novel approach for the fabrication
of GelMA hydrogels using GdmCl in a one-step processing method
aimed at reducing the additional processing procedures and
improving the Seebeck coefficient of the TGCs. The structures of the
materials used are shown in Fig. 2a, while the fabrication process of
the GelMA-based TGC is shown schematically in Fig. 1, and is
detailed in the Experimental section. The process begins by mixing
GelMA powder with varying amounts of GdmCl in deionized (DI)
water to prepare the precursor solution. A photoinitiator is then
added to the solution. The mixing solution is injected into a glass
mold and shaped into hydrogels through UV-crosslinking. Subse-
quently, the GelMA-based hydrogels are soaked in a Fe(CN)63�/
Fe(CN)64� solution to create the TGC. The sample name of GelMA-
based hydrogels in this research is defined as GelMA_xG, where x
is represented the concentration of GdmCl (x ¼ 0, 1, 3, 5, and 10,
corresponding to 0, 1, 3, 5, 10% w/w of GdmCl, respectively).

The successful synthesis of GelMA by substituting the amine
groups of gelatin with methacryloyl groups is confirmed by a com-
parison of the 1H NMR spectra of gelatin and GelMA in Figs. S1a and
b, respectively [40]. Specifically, the NMR spectrum of GelMA ex-
hibits newpeaks at d¼ 5.4 and 5.6 ppm due to the acrylic protons of
the methacryloyl groups [38], along with a new peak at d¼ 1.9 ppm
due to the methyl groups of the methacryloyl. Meanwhile, the
absence of the signal at d ¼ 2.9 ppm demonstrates the complete
substitution reaction of the lysine methylene moieties [41]. These



S.-H. Hong, C.-C. Hsu, T.-H. Liu et al. Materials Today Energy 42 (2024) 101546
observations, along with the nearly 100% DS, clearly demonstrate
the successful grafting of methacryloyl groups onto the gelatin.

The formation of the GelMA polymer network via the photo-
crosslinking process is shown schematically in Fig. 2b, and
confirmed by the photographic image of a GelMA-based hydrogel
sample in Fig. 2c. Consistently, the FT-IR spectra of all the as-
prepared freeze-dried GelMA-based hydrogels in Fig. 2d and
Fig. S2 exhibit characteristic peaks at 3295, 1640, 1529, and
1233 cm�1 due to the NeH stretching, the C]O stretching of amide
I, the NeH bending of amide II, and the NeH bending of amide III,
respectively [42]. The presence of an identical C]O stretching peak
in all GelMA-based hydrogels confirms the successful replacement
of the amino group by the methacryloyl group. Notably, the NeH
stretching peaks are clearly seen to shift significantly towards
lower wavenumbers, while the NeH bending peaks shift less
strongly towards higher wavenumbers, as the concentration of
GdmCl within the hydrogel is increased. These phenomena can be
attributed to theweakening of the force constant of the NeH bonds,
and the increase in the restoring force, respectively, due to
hydrogen bonding between the GelMA polymers and the guanidi-
nium cation (Gdmþ) [43,44]. In addition, the pronounced shift in
the NeH stretching peak for the GelMA_5G and GelMA_10G can be
partially attributed to the presence of GdmCl crystals [45], thereby
indicating the formation of stronger intermolecular hydrogen
bonds between the GelMA polymer and Gdmþ.

Themorphologies of the GelMA-based hydrogels are revealed by
the cross-sectional scanning electron microscope (SEM) images in
Fig. 3,where themicroscalepore size is seen to increase initiallywith
the addition of GdmCl (i.e., GelMA_1G compared toGelMA_0G), and
to decrease thereafter with the increase in GdmCl concentration. In
addition, salts are seen to precipitate on the surface of the Gel-
MA_10G hydrogel. The initial increase in pore size can be attributed
to the chaotropic property of the GdmCl salt, which hinders the
intermolecular hydrogen bonding between the GelMA polymers
and therefore changes the conformation of GelMA. With keeping
increasing the concentration of GdmCl, the pore size is then
decreased in spite of the chaotropic property is existed. The subse-
quent reduction in pore size from GelMA_1G to GelMA_10G is
consist with the abovementioned FT-IR results, where stronger
intermolecular interactions between the GelMA polymer and Gdmþ

at higher GdmCl concentrations were accompanied by a larger shift
in the NeH stretching peak, while the conformation of GelMA_0G is
different with the one of other GelMA_xG hydrogels (x¼ 1, 3, 5, and
10), this will discuss later.
Fig. 3. The SEM images of the freeze-dried of GelMA-based hydrogels: (a) GelM

4

The strength of hydrogen bonding is also reflected by the me-
chanical properties of the GelMA-based hydrogels, as revealed by
the rheological analysis in Fig. S3. In the sweep mode of oscillation
strain, the critical point value, as determined by the intersection of
the G0 and G00 curves, is seen to be 50.3%, 103.5%, and 107.7% for the
GelMA_0G, GelMA_1G, and GelMA_3G, respectively. However, this
value decreases to 96.6% and 92.8% for the GelMA_5G and Gel-
MA_10G hydrogels, respectively, thus indicating the influence of
higher GdmCl concentrations. Furthermore, the storage modulus in
the strain-independent region increases from 33.1 kPa, through
34.0 kPa, to 49.5 kPa for the GelMA_0G, GelMA_1G, and GelMA_3G,
respectively, but then decreases to 38.20 and 37.55 kPa for the
GelMA_5G and GelMA_10G, respectively. This suggests that the
presence of excess GdmCl, which does not interact with gelatin
molecules, leads to a decrease in the mechanical properties of the
hydrogel. Overall, the incorporation of Gdmþ in the hydrogel en-
hances its storage modulus and critical oscillation strain, thus
making it suitable for wearable applications.

In addition, the introduction of GdmCl into the GelMA hydrogel
offers benefits to the thermogalvanic system using the Fe(CN)63�/
Fe(CN)64� redox couple with DI water as the solvent [31,46,47],
where the Seebeck coefficient is primarily determined by the
concentration gradient (DCr) between the electrodes [31,33,46].
Here, after the reduction reaction of Fe(CN)63�, the Gdmþ in the
GdmCl-added hydrogel selectively interacts with Fe(CN)64� to form
crystals at the cold side, and this leads to the dissociation of com-
plexes into Gdmþ and Fe(CN)64�, which then oxidizes to Fe(CN)63� at
the hot side. In detail, the formation of crystals and the precipita-
tion of complexes lead to an imbalance in the concentration of the
redox couple between the cold and hot sides, with a lower con-
centration of Fe(CN)64� near the cold side promoting the reduction
reaction, and a higher concentration of Fe(CN)64� near the hot side
enhancing the oxidation reaction [46]. Therefore, the Seebeck co-
efficient is improved due to the sustained DCr by this imbalance
reaction.

Next, the thermoelectric performance of the GelMA-based TGC
was evaluated in the vertically oriented setup (Fig. 4a). In this
experiment, each TGC was positioned between Pt electrodes con-
nected to the hot and cold sides, and the thermovoltage (DV) was
measured under various temperature gradients (DT). The Seebeck
coefficient (S) was then determined using Eq. (2):

S ¼ �DV
DT

¼ �Vhot � Vcold

Thot � Tcold
(2)
A_0G, (b) GelMA_1G, (c) GelMA_3G, (d) GelMA_5G, and (e) GelMA_10G.



Fig. 4. (a) A schematic diagram of the vertically oriented thermogalvanic system, with the hot side positioned above the cold side; (b and c) the relationship between DV and DT for
(b) the GelMA_0G TGC and (c) the GelMA_5G TGC; (d) the average Seebeck coefficients of the GelMA-based TGCs; (e) the average value of orientation-dependent Seebeck co-
efficients of the GelMA_0G, the GelMA_5G TGCs, and the GelMA_0G hydrogels after soaking in the redox couple/GdmCl mixed solution; (f) a comparison of the Seebeck coefficients
of GelMA_5G TGCs with those of previously-published GdmCl-based TGCs.
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where Vhot, Vcold, Thot, and Tcold represent the voltage and tempera-
ture of the hot and cold electrodes, respectively. The results are
presented in Fig. 4b, c, and S4, where the maximum Seebeck coef-
ficient of the GelMA-based TGC initially increases, and then de-
creases, as the concentration of GdmCl increases. Compared to the
GelMA_0G TGC, the GdmCl-containing devices exhibit higher See-
beck coefficients, with an optimized average value of approximately
13.7 mV K�1 for the GelMA_5G TGC (Fig. 4d). In addition, the cyclic
voltammetry results in Fig. S5 exhibit clear redox potential peaks for
both the GelMA_0G and GelMA_5G TGCs, thereby indicating a
reversible redox process suitable for thermogalvanic applications.
The presence of an additional broad peak at 0.8 V in the GelMA_5G
TGCs might be the signal of ion-induced crystals (Fig. S5b).

To further investigate whether GdmCl salts could contribute the
Seebeck coefficient in GelMA-based TGCs, the time-dependent ther-
moelectric performance of GelMA_5G TGCs was also tested. Fig. S6a
shows the four-stage and temporary change in the voltage differ-
ence with DT (Fig. S6b). For the stage I and II in Fig. S6a, the voltage
difference of the GelMA_5G TGC is increased and then remains at a
constant value of about 145 mV when DT reaches a stable value of
6.5 �C). Throughout the stage III, an external resistance with 10 U is
connected to the GelMA_5G TGCs. The DV decreased rapidly to the
valueabout10mVdue to themovementofgeneratedelectrons froma
hot electrode to a cold electrode through the external load, in order to
make compensation for the voltage imbalance between two elec-
trodes. Since the thermogalvanic effect exists with a stable temper-
ature difference, the voltage difference could not drop to zero. In the
stage IV,when theexternal load is removedandDTkeepsat6.5 �C, the
DV increased to the value of about 125 mV, which is not the original
value. This phenomenon reveals that the giant Seebeck coefficient of
the GelMA_5G TGC is mainly determined by the thermogalvanic ef-
fect and accompanied by the partial contribution of the thermo-
diffusion effect fromGdmCl ions, since the partial carriers induced by
theGdmCl ions are dischargedafter introducing theexternal loadand
could not be charged in the stage IV.

The effects of the processing procedure and measurement setup
on the Seebeck coefficients of the various GelMA-based TGCs are
revealed by the results in Fig. 4e and S7. With respect to the mea-
surement setup, the Seebeck coefficient of the GelMA_5G TGC is
5

seen to increase significantly from 13.7 to 21.6 mV K�1 when the
cold electrode is positioned above the hot electrode compared to
the reverse configuration (Figs. S7b and e). This can be attributed to
the ion-induced formation of crystals on the cold side, as these
spontaneously precipitate to the bottom and dissociate, thereby
resulting in a sustained DCr. By contrast, the Seebeck coefficient of
the GelMA_0G TGC is almost identical at 1.7 and 1.8 mV K�1 in both
measurement configurations (Figs. S7a and d), as there is a con-
centration balance of the redox couple within this hydrogel under
stable conditions. With respect to the processing procedure, the
devices that were fabricated as described above are compared with
those fabricated using the soaking step described by Yu et al. (2020)
and Zhang et al. (2022) [31,46], whereby each hydrogel was
immersed in the GdmCl/redox mixing solution (3 M GdmCl and
0.4 M Fe(CN)63�/Fe(CN)64�). As shown in Figs. S7c and f, the latter
devices (designated as the redoxþ G TGCs) also exhibit a difference
in the Seebeck coefficient (1.0 and 3.3 mV K�1, respectively)
depending on the measurement configuration, thus further high-
lighting the effect of ion-induced crystallization. Thus, the overall
highest Seebeck coefficient is 21.6 mV K�1 for the GelMA_5G TGC
(Fig. S7e); this is the highest value ever reported for GdmCl-based
TGCs (Fig. 4f), and is comparable to that of 24.7 mV K�1 for the
synergistic thermodiffusion and thermogalvanic system investi-
gated by Li et al. [32].

To investigate the impact of the nanostructure of the GelMA-
based hydrogel on the transport of the redox couple and ion-
induced crystals, the hydrogel structure was characterized by
small angle X-ray scattering (SAXS). The Beaucage unified equation
was then used to analyze the scattering profile and reveal the
multi-level structure of the hydrogel [48,49]. This model for the
two-level structure of SAXS is given by Eq. (3):

IðqÞybackgroundþ
XN
i¼1

"
Gi exp

 
� q2Rgi

2

3

!

þ Bi exp

 
� q2Rgðiþ1Þ

2

3

!�
1
qi*

�Pi
#

ð3Þ
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qi
* ¼q

�
erf
�
qRgiffiffiffi

6
p

���3

where Gi, Bi, and Rg are the Guinier scaling pre-factor, power law
scattering pre-factor, and radius of gyration, respectively. The
exponent Pi represents the fractal dimension of level i of the
structure, where i ¼ 1 and 2 for the global and local structure,
respectively. The fitting results for the GelMA-based hydrogels are
presented in Fig. 5a, and those of the GelMA_0G and GelMA_5G
TGCs before and after soaking in the redox couple are compared in
Fig. 5b and c respectively. In all cases, the parametric results are
listed in Table S1. Thus, significant differences in the structural
parameters are observed upon the addition of GdmCl and upon
increasing its concentration. In the middle-to low-q range
(q ¼ 0.004e0.05 Å�1) in Fig. 5a, all of GelMA-based hydrogels
display mass fractal behavior in their global structures, with a mass
fractal dimension (P1) of 2.8, 3.0, 2.8, 2.2, and 1.8 for the GelMA_0G,
GelMA_1G, GelMA_3G, GelMA_5G, and GelMA_10G, respectively.
Compared to GelMA_0G hydrogels, the larger P1 values of the
GelMA_1G hydrogels may be attributed to the chaotropic proper-
ties of the GdmCl salt. The addition of a low concentration of GdmCl
to the precursor solution (GelMA_1G) promotes the dispersion of
the GelMA powder, thus resulting in a denser hydrogel network in
the global structure after photo-crosslinking. At higher GdmCl
concentrations, however, micro-phase separation occurs, thus
leading to the formation of a looser network and, hence, a decrease
in the P1 values of the GelMA_3G, GelMA_5G and GelMA_10G
hydrogels. The phenomenon of micro-phase separation in high-
concentration-GdmCl GelMA hydrogels could be proved by SAXS
results with q values below 0.004 Å�1. The SAXS patterns of the
GelMA_5G and GelMA_10G each exhibit a shoulder at q values
below 0.004 Å�1, which may be attributed to the formation of even
larger aggregates of GelMA polymers and/or GdmCl salt [50].
However, this region could not be well fitted by including another
structural level in the unified equation due to the limitation of the
lowest accessible q by the SAXS instrument. The chaotropic
behavior of GdmCl and the micro-phase separation in the GelMA-
based hydrogels also influence the Rg1 value, which characterizes
the average size of the fractal network. Thus, the Rg1 value initially
decreases from 205.2 Å for the GelMA_0G hydrogel to 134.1 for the
GelMA_1G hydrogels, respectively, due to the chaotropic property,
but subsequently increases to about 139.2 Å, 214.5 and 210.0 Å for
the GelMA_3G, GelMA_5G and GelMA_10G, respectively, due to
more extensive aggregation of the building blocks. The latter effect
is discussed in more detail below.
Fig. 5. (a) The SAXS profiles and fitting results of the various GelMA-based hydrogels. (b an
before and after soaking in the precursor solution. The dashed line and the dotted line repr
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The chaotropic properties of GdmCl also have an impact on the
lower-level structure of the building blocks that construct the
network with greater length. This local structure in the GelMA-
based hydrogel is reflected by the intensity profile in the high q
range (q¼ 0.05�0.3 Å�1) in Fig. 5a. In this region, the parameters P2
and Rg2 are used to describe the fractal dimension and radius of
gyration of the building block, respectively. Thus, the GelMA_0G
hydrogel exhibits a P2 value of approximately 2.4, indicating that
the building block can be represented by a blob composed of locally
branched or network chains. With the addition of GdmCl to the
GelMA precursor solution, however, the self-crosslinking of GelMA
is dissociated due to the chaotropic properties of GdmCl. Conse-
quently, as the GdmCl concentration increases from 1 to 10wt%, the
P2 value of the hydrogel approaches 2.0, corresponding to the
fractal dimension of a linear Gaussian chain. Meanwhile, the Rg2
value decreases from 24.6 for the GelMA_0G to 23.2, 22.5, 21.5, and
20.0 Å for the GelMA_1G, GelMA_3G, GelMA_5G, and GelMA_10G,
respectively, due to the intermolecular hydrogen bonding in-
teractions between the GelMA polymer and Gdm cations.

The two-level structure of the GelMA-based hydrogel is shown
schematically in Fig. 6, where the lengthier fractal network char-
acterized by the Rg1 value is formed by local segmental association.
This network can be visualized as being composed of inter-
connected blobs that are characterized by the Rg2 value. The latter
value also represents the mesh size of the network. A comparison
with the results in Fig. 4d indicates that the increase in the Seebeck
coefficient of the GelMA-based TGC with the increased concen-
tration of GdmCl corresponds to a decrease in the mesh size. This is
because the smaller mesh restricts the transfer of ion-induced
crystals, thus leading to a larger concentration difference be-
tween the hot and cold sides of the cell. However, a dramatic
decrease in the Seebeck coefficient is observed in the case of the
GelMA_10G, which suggests that the quasi solid-state GdmCl-
containing thermogalvanic system exhibits a critical mesh size. This
is estimated to be around 20.0�21.5 Å. Once the mesh size falls
below this critical value (e.g., in the GelMA_10G), the transfer of
crystals and redox couples becomes increasingly difficult. This
limitation hinders the enhancement of the Seebeck coefficient,
thereby resulting in a decrease in the S value.

Notably, the Rg2 and P2 values of the GelMA_5G TGC remain
more-or-less unchanged before and after the soaking process
(Fig. 5c), i.e., Rg2 ¼ 21.5 and 21.2 Å, and P2 ¼ 2.0. This suggests that
the introduction of the redox couple does not significantly alter the
local structure of the GelMA_5G hydrogel. With introducing the
higher content of GdmCl in GelMA (i.e., GelMA_5G hydrogels), one
d c) the SAXS patterns of the GelMA_0G hydrogel (b) and the GelMA_5G hydrogel (c)
esent the respective 1st and 2nd level fitting results according to the Beaucage model.



Fig. 6. A schematic diagram of the nanostructure of the GelMA-based hydrogel ac-
cording to the Beaucage model, showing a cluster formed by the aggregation of
polymer chains via local segmental association.
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part of Gdmþ is interact with GelMA polymer and the other non-
interacted Gdmþ would well distribute in the hydrogels. When
the GelMA_5G hydrogel is immersed in the Fe(CN)63�/Fe(CN)64�

solution, the redox couple will interact with the residual Gdmþ

instead of GelMA polymers due to the strong interaction between
the chaotropic cations and anions (Gdmþ and Fe(CN)63�/Fe(CN)64�,
respectively), in which screens the chaotropic effect between the
redox couple and GelMA polymer, thereby maintaining the original
nanostructure. The screening effect of this chaotropic effect can
also be proved by the redox þ G TGCs. The P2 and Rg2 values of
redox þ G TGCs remain unchanged before and after the soaking
process of GelMA-0G hydrogels (Fig. S8 and Table S1). This phe-
nomenon is due to the formation of the strong interaction between
Gdmþ and Fe(CN)63�/Fe(CN)64� in the mixed redox solution. There is
no additional Gdmþ could interact with the GelMA polymers, and
therefore P2 and Rg2 values are unchanged. By contrast, a clear
change is observed in the GelMA_0G system after introducing the
redox couple without Gdmþ (Fig. 5b). Specifically, the local
conformation of the chains within the blobs of GelMA_0G TGC
shifts towards a Gaussian coil, as indicated by the change in the P2
value from 2.4 to 2.0. Additionally, the Rg2 value is seen to increase
from 24.6 to 25.2 Å due to the chaotropic properties of Fe(CN)63� and
Fe(CN)64�, which increase the mesh size by disrupting the inter-
molecular interactions between the GelMA polymer chains in the
GelMA_0G TGC. Based on these findings, it can be concluded that
the introduction of GdmCl exerts a dual effect on the GelMA-based
TGCs, involving both its interaction with the redox couple and its
ability to control the mesh size of the hydrogel. These combined
Fig. 7. (a) A schematic side view of the TEG device connected using Ni foil. (b) A photographi
measured under varying DT.
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effects ultimately contribute to the enhancement of the Seebeck
coefficient.

The TGCwith the highest Seebeck coefficient, i.e., the GelMA_5G
TGC, was used to fabricate a flexible and wearable TEG. As shown in
Fig. 7a and b, the TEG device consisted of three TGCs connected in
series with nickel foils. The output characteristics of the TEG device
under three different temperature gradients (DT) between the
electrodes are shown in Fig. 7c. Here, it can be seen that the open-
circuit voltage (Voc) increases from 320.85 to 683.94 mV, and the
maximum output power (Wmax) increases from 4.01 to 23.94 mW,
as DT increases from 5.1 to 10.3 �C. At the same time, the short-
circuit current (Isc) is seen to increase from 50 to 140 mA. The
measured Wmax values are in good agreement with the theoreti-
cally calculated values given by the formula Wmax ¼ Isc � Voc/4.
Specifically, at DT values of 5.1 �C and 10.3 �C, the calculated Wmax
values are 4.00 and 23.93 mW, respectively. Besides, the maximum
power density (Pmax) increases from 0.02 to 0.1 W m�2, and the
temperature-insensitive power density (i.e., Pmax/(DT)2 value) is
increases from 713 to 1064 mWm�2 K�2, as DT increases from 5.1 to
10.3 �C (Fig. S9).

The practical application of the GelMA_5G TGC is demonstrated
in Fig. 8a, where a prototype TEG device is worn on the forearm.
Moreover, when the DT is measured using a thermal camera, the
device is shown to generate a Voc of approximately 218mV at aDTof
3.5 �C between the human skin and the ambient environment.
These results demonstrate the promising application potential of
GelMA_5G TGC for harvesting low-grade thermal energy in wear-
able devices. The high Seebeck coefficient and the ability to
generate significant voltage and power outputs make this device
suitable for capturing and utilizing thermal energy in various
practical scenarios. Moreover, the very large output voltage char-
acteristics of the GelMA_5G TGC are well-suited for driving low-
current electronic devices. This is demonstrated in Fig. 8c and d,
where an array of 9 TGC units generates an output voltage of about
1.62 V at a DT of approximately 9 �C between the ambient envi-
ronment and the hotplate. This voltage is sufficient to directly po-
wer a light-emitting diode (LED) without the need for a boosting
driver. It is worth noting that the higher Seebeck coefficient of the
TGC decreases the number of units required to achieve the same
output voltage when connected in series. This simplifies the
manufacturing process and improves the overall feasibility of the
wearable thermoelectric device. However, the TEG device has a
relatively lower output current, which may be attributed to poor
electrode-to-cell contact. This issue can be addressed in future
work by using carbon-based electrodes and implementing encap-
sulation techniques to enhance the contact between the electrodes
and the TGCs.
c image of the 3-unit TEG device. (c) The output characteristics of the 3-unit TEG device



Fig. 8. (a) A demonstration of TEG device worn on the forearm, along with the output voltage due to the temperature difference between the human skin and the ambient
environment (DT ~ 3.5 �C). (b) A thermal image showing the temperature distribution of the 3-unit TEG device. (c) A demonstration of the 9-unit TEG device capable of directly
powering an LED without the need for additional voltage boosting. (d) A thermal image showing the temperature distribution of the 9-unit TEG device.
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4. Conclusions

Herein, gelatin methacryloyl (GelMA)-based hydrogels were
successfully fabricated and modified with guanidium chloride
(GdmCl) to generate a thermoelectric system with a remarkable
Seebeck coefficient. The incorporation of GdmCl not only improved
the mechanical properties of the hydrogels, but also significantly
improved the Seebeck coefficient, achieving a remarkable value of
21.6 mV K�1 when 5 wt% GdmCl was used (GelMA_5G). Further, the
small angle X-ray scattering (SAXS) analysis indicated that the
introduction of GdmCl induces alterations in the nanostructure of
the hydrogel, thereby resulting in the formation of a lengthier
network structure, and enabling control over the mesh size within
the network. Moreover, a prototype TEG device consisting of
interconnected GelMA_5G TGCs exhibited an output voltage of
approximately 1.62 V when subjected to a temperature gradient
(DT) of around 9 �C. Notably, this output voltage was sufficient to
directly power an LED light without requiring additional voltage
boosting drivers. The combined effects of GdmCl modification and
the simplified fabrication process highlight the potential applica-
tion of the GelMA_5G TGC in low-grade thermal energy harvesting,
particularly for wearable devices.
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