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Abstract

The efficient and economical conversion of low-grade waste heat into electricity has promising potential to combat the greenhouse
effect and expedite the shift towards sustainable development. This study presents an innovative and appealing approach through
the utilization of lignin, an abundant waste product derived from the paper and pulp industry, to develop hydrogels as compelling
and sustainable materials for application in ionic thermoelectricity. Various compositions were evaluated to examine the impacts
of varying lignin concentrations, types of electrolytes, concentrations of crosslinkers, and electrolyte concentrations on the ionic
thermoelectric performance of the hydrogels. The optimized lignin-derived hydrogel, infiltrated with a 6 M KOH electrolyte,
demonstrates high ionic conductivity (226.5 mS/cm) and a superior Seebeck coefficient of 13 mV/K. This results in a remarkable
power factor (3831 uW/m-K?) that leads to an impressive Figure of merit (ZT;) (3.75), surpassing most of the existing state-of-the-art
materials and making it the most efficient sustainable ionic thermoelectric material reported until now. These findings underscore
the exceptional performance of lignin-based hydrogels in the realm of low-grade waste energy harvesting applications. The present
study contributes to address the challenges posed by waste heat through effectively harnessing low-grade waste heat through the
utilization of sustainable lignin-based hydrogels while reducing the reliance on fossil fuels and minimizing greenhouse gas emissions.

Keywords Lignin - Hydrogels - Ionic thermoelectric materials - Low-grade thermal energy - Sustainable materials

1 Introduction

Energy crises continue to be a persistent global issue due to
the ever-increasing demand for energy and the finite nature
of fossil fuel reserves. As a result, there is a growing need
to find alternative and sustainable sources of energy [1-18].
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Harvesting low-grade thermal energy (LGTE), which con-
stitutes more than 50% of global waste heat, is a promising
technology that can help to address the energy crisis [19].
The conversion of waste heat into useful energy sources con-
tributes toward improved energy efficiency, reduces carbon
footprint, and cuts dependence on traditional energy sources,
making it a valuable technology for a sustainable future.
This harvested energy can be used to power small electronic
devices, including sensors, wireless communication systems,
and wearable devices [20]. The most common LGTE har-
vesters are the Organic Rankine cycle, Kalina cycle, and
thermoelectric generators [21]. Even though these devices
hold substantial promise, their commercialization remains a
long way off because of their low energy conversion efficien-
cies and high operating costs.

Recent research has focused on developing new technolo-
gies to improve the efficiency of LGTE harvesting, and ionic
thermoelectric materials (i-TEs) have emerged as promising
solutions [22]. i-TEs utilize ions as charged carriers to con-
vert heat into electrical energy, and they have been found to
be highly effective at generating large voltages under small
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temperature differences. The key to the high performance of
i-TEs lies in the Soret effect, which refers to the production
of a voltage difference across an electrolyte due to the inho-
mogeneous distribution of cations and anions in response
to a temperature gradient [23]. This effect is based on the
movement of charged particles in response to a temperature
gradient and can be observed in many types of electrolytes,
including liquids, gels, and solids. One of the major advan-
tages of i-TEs is their ability to produce high voltages under
small temperature differences, making them ideal for har-
vesting low-grade thermal energy [24, 25].

Synthetic polymers have long been favored for synthe-
sizing i-TEs due to their excellent mechanical properties
along with processability and tunability of properties [26,
27]. However, their production process requires the use of
non-renewable resources and hazardous chemicals, which
can have significant negative effects on the environment
[20]. Additionally, the disposal of synthetic polymers poses
environmental risks since many do not degrade easily and
can remain a long time in the environment [28]. It is, there-
fore, crucial to consider alternative sustainable materials
as a building block for i-TEs to reduce the environmental
impacts of this technology and contribute towards a greener
and more sustainable future. Moreover, proper waste man-
agement is essential for creating a sustainable society that
can effectively use its resources without increasing environ-
mental pollution. One such potential alternative source of
sustainable and environmentally friendly materials for i-TEs
is lignocellulosic biomass.

Lignocellulose biomass represents the most abundant
and renewable biomass on earth, with agricultural and for-
estry waste alone producing more than 200 billion tons
annually [29]. Lignocellulosic biomass consists of three
main components: cellulose, hemicellulose, and lignin.
Although cellulose has long been considered a high-value
product due to its many applications, lignin remains an
underutilized and non-valued waste product [6]. In recent
years, lignin has attracted significant attention due to its
unique molecular structure and its abundant phenolic com-
pounds [30]. This has led to extensive research on the customi-
zation of lignin to create hydrogels with predefined proper-
ties. Hydrogels, in general, are versatile materials known
for their tunable mechanical properties and their ability to
absorb and retain large amounts of water [31-33]. Lignin-
based hydrogels, in particular, offer additional advantages
due to their unique molecular structure and abundant phe-
nolic compounds. These lignin-derived hydrogels exhibit
low toxicity, eco-friendliness, biocompatibility, enzymatic
breakdown, and biodegradability. These properties render
them particularly attractive for high-value applications,
such as tissue engineering, drug delivery, energy stor-
age, composites, and biosensors, setting them apart in the
world of hydrogel technology [34-43].
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Particularly, in the realm of i-TEs applications, hydro-
gels have been attracting attention as they offer highly
crosslinked matrices, tunable mechanical properties, and
excellent electrolyte uptake capability. Recent studies
have demonstrated promising results using a variety of
polymers, such as polyethylene glycol, polyacrylamide,
and carboxylated bacterial cellulose [44—46]. However,
what is particularly intriguing is the limited exploration
of lignin as a polymer for i-TEs. Given lignin’s unique
molecular characteristics and sustainability, a more com-
prehensive investigation is imperative to determine its
feasibility and unlock its potential in the development
of i-TEs. This represents an exciting opportunity for
future research in the field of thermoelectric applica-
tions. Additionally, in light of the upcoming 2050 carbon
neutrality goals, it has become increasingly apparent that
lignin is poised to undertake a pivotal role in the devel-
opment of future materials and devices, underscoring its
significant potential and importance [47].

Looking at this scenario, this study focuses on the
development and optimization of lignin-derived hydrogels
to produce sustainable i-TE materials for the first time.
Lignin-derived hydrogels enhance the ionic conductivity
and Seebeck coefficient due to the selective ionic migra-
tion in synergy with the Soret effect due to the presence
of ionizable groups on the surface of hydrogels. The i-TE
performance of synthesized hydrogels was optimized by
evaluating the effect of different lignin concentrations,
various electrolytes, various crosslinker concentrations,
and finally various electrolyte concentrations. Lignin-
derived hydrogel synthesized using 9 wt% lignin, 2.5%
v/v crosslinker, and infiltrated with 6 M KOH electrolyte
exhibits high ionic conductivity (226.5 mS/cm), lower
thermal conductivity (0.29 W/m K), and a superior See-
beck coefficient of 13 mV/K. Subsequently, an excep-
tional power factor of 3831 puW/m-K? that corresponds to
an impressive Fig. of merit ZTi=3.75 is attained, which
is superior to most of the reported state-of-the-art ionic
thermoelectric materials until now. These findings rep-
resent a novel contribution to the field of thermoelectric
energy conversion, paving the way for further explorations
and inquiries into sustainable ionic conductive hydrogels.
We envision these lignin-based hydrogels for a range of
potential applications, including temperature sensing and
low-grade thermal energy harvesting.

2 Experimental section
2.1 Materials

Kraft lignin (TcB) of M,,=3153 g/mol was supplied by
Tecnaro (GMbH, Ilsfeld, Germany). Sodium hydroxide
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(NaOH) pellets with >98% purity were purchased from
AppliChem GmbH (Ilsfeld, Germany). Ninety-nine per-
cent hydrolyzed Poly (vinyl alcohol) (PVA), with a M, of
85,000-124,000 g/mol, and epichlorohydrin (ECH) having
purum grade and purity > 99% was purchased from Sigma-
Aldrich (Spain).

2.2 Synthesis of lignin-based hydrogels

A 0.8 g of PVA were initially added to 5 mL of deion-
ized water under stirring at room temperature to avoid
PVA clumps. Afterwards, the solution was vigorously
stirred for 30 min at 90 °C until the complete dissolution
of PVA. The obtained PVA solution was cooled down to
room temperature and ultrasonicated for 5 min to remove
the entrapped air. Then, 5 mL of 2.5 M NaOH was added
to the solution under mixing followed by the addition
of various amounts of lignin. A homogenous mixture of
lignin/PVA was obtained after 5 h of magnetic stirring at
room temperature. Afterwards, the ECH crosslinker with
a predefined quantity (%v/v) was added to the solution. A
homogeneous mixture was formed by stirring vigorously
for 30 min before pouring it into molds. These moulds
were then placed overnight at room temperature for
complete crosslinking to form lignin-derived hydrogels.
Crosslinked hydrogels were thoroughly washed to remove
uncross-linked lignin and NaOH before electrolyte infiltra-
tion. The prepared hydrogels were denoted as TcBx — y%
CL, where x indicates the weight of added lignin (g) and y
represents the %v/v concentration of the ECH crosslinker.
All the formulations of lignin hydrogel have been sum-
marized in Table S1.

2.3 Material characterizations

The structural morphology of lignin-based hydrogels was
studied by scanning electron microscopy (SEM) using a
Hitachi SU-4800 (Hitachi High-Technologies Corpora-
tion, Tokyo, Japan). FTIR was performed using an Agi-
lent Cary 630 FTIR spectrophotometer (Agilent Tech-
nologies) in transmittance mode. Swelling tests of all the
hydrogel samples were conducted at room temperature in
water and KOH electrolyte. The % swelling of the gels is
calculated using Eq. (1) as follows:

. W, - W,
% swelling = ——— x 100 €))

Wy

where W, is the weight of the sample at a given time while
W, is the dry weight of the sample.

2.3.1 Electrolyte infiltration and i-TE testing

The Seebeck coefficient of the infiltrated lignin-derived
hydrogels was measured using a laboratory-made appara-
tus. The samples with known geometry were placed on the
apparatus with either end contacting a Peltier cell, a thermo-
couple, and a voltage contact. The Seebeck coefficient (S)
of the samples is calculated using Eq. (2):

S=AV/AT 2

where AT is the temperature difference and AV is the open-
circuit voltage difference.

Electrochemical AC impedance spectroscopy was used to
characterize the ionic resistance of the hydrogels by applying
10 mV AC voltage while sweeping the frequency from 1 Hz
to 100 kHz. The ionic resistance R was obtained from the
intercept of the impedance response on the abscissa, and the
ionic conductivity (o;) can be obtained using Eq. (3):

d
o

=R 3)

where A is the contact area between the sample and the elec-
trodes and d is the sample thickness.

The thermal conductivity of the hydrogels was meas-
ured in a homemade set-up. The heat flux, Q, is determined
according to the Eq. (4) provided by Hukseflux for the par-
ticular sensor [48]:

Vv

Q= 1300027 = 20)) @

where V is the output voltage obtained by the heat flux sen-
sor, s is the sensor sensitivity, and T the absolute tempera-
ture. The thermal conductivity, x, of the hydrogels is calcu-
lated from the Fourier law (Eq. (5)):
AT
0= ®
where Q is the previously obtained heat flux value, AT is
the temperature difference across the sample, and Ax is the
distance of heat transfer (the thickness of the sample).
The thermoelectric performance of an iTEs is measured
by the dimensionless figure of merit (Z7T;) using Eq. (6):
.S2
7T =22 T ©)
K
where o; is the ionic conductivity, S is ionic Seebeck coef-
ficient, aiS2 is known as Power Factor (P.F.), k is the ther-
mal conductivity, and T is absolute temperature. All samples
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Fig.1 a Schematic representation of lignin-derived ionic thermoelectric hydrogels synthesis process. b Chemical crosslinking mechanism

were tested at a pressure of 10 kPa. A detailed description of
the methodology can be found in the supporting information.

3 Results and discussion

Figure 1a illustrates the facile methodology employed for
synthesizing lignin-derived hydrogels. Kraft lignin and
NaOH were added to PVA solution and stirred overnight to
ensure through mixing. In order to crosslink the polymeric
molecules, ECH was utilized as a crosslinking agent. The
inclusion of NaOH in the reaction mixture deprotonates the
lignin and enhances its reactivity with PVA and ECH, facili-
tating the chemical reaction and allowing for the creation
of chemical crosslinks. An ether bond is formed between
a hydroxyl group of PVA or lignin and the epoxy group of
ECH (Fig. 1b). Simultaneously, the epoxy group is formed
by removing HCI from the other end of ECH, while the
aforementioned reaction proceeds [49]. This method was
selected to achieve the long-term stability of lignin-derived
hydrogels for i-TE applications.

Morphological analysis of lignin-derived hydrogels with
varying lignin concentration was performed using SEM; the
results are presented in Fig. 2a. All the hydrogels exhibit
porous morphology with no significant differences in their
physical structures with the lignin concentration. This is
because the concentration of the chemical crosslinker is the
main contributor that affects the formation of the crosslinked
hydrogel network and, thus, its physical properties [41]. In
this case, since the concentration of crosslinker remains
constant, varying the lignin concentrations does not lead to
noticeable differences in the morphology of the hydrogels.

@ Springer

However, altering the lignin concentration does affect other
properties of the hydrogels, such as their chemical composi-
tions, mechanical properties, and swelling capacities.
Figures 2b and S1 illustrate the FTIR spectra of these
lignin-derived hydrogels, providing valuable insights into
their chemical compositions and chemically crosslinked
structure. All the hydrogels exhibit similar FTIR spectra
with slight variations in peak intensities. The broad peak
around 3550-3200 cm ™! is related to the presence of bonded
-OH stretching vibrations associated with the hydroxyl
groups in lignin-derived hydrogels. Interestingly, the band-
width of the -OH stretching appears to shift from 3260 to
3301 cm™! as lignin concentration increases (Fig. S2). This
band shift corresponds to the formation of new hydrogen
bonds between PVA and lignin in response to the variations
in lignin concentrations [50]. The -CHj;, -CH, stretching at
31502840 cm™! is attributed to the aromatic structure and
the carbonyl functional groups available at the surface of
the lignin-derived hydrogels and their peak intensity (avail-
ability) increases with the increase in lignin content in the
hydrogels [51]. The crosslinked hydrogels also have aro-
matic skeleton vibrations of lignin around 1586 cm™! and
1451 cm™!, corresponding to the stretching and the band
at 823 cm™! attributed to bending vibrations of C=C. The
slight shift of the 1586 cm™! peak is an indication of suc-
cessful cross-linking of lignin and PVA [49]. It is important
to mention that as the lignin content increases, the degree of
chemical crosslinking also varies which is depicted by the
etheric C—-O-C asymmetrical vibrations peak around 1284
cm™!. Another characteristic peak of hydrogels is noticed
at 1034 cm™', which depicts the alcoholic/phenolic -CO
stretching vibrations. The intensity of these characteristics
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Fig.2 a SEM images of lignin-derived hydrogels with different lignin concentration, their b FTIR spectra, and ¢ swelling capacity in water

increases with increasing lignin content, indicating that
alcoholic and phenolic functional groups are becoming
more abundant. Additionally, the offset of the peak around
1088 cm™! indicates that the degree of interaction between
polymer chains within the hydrogel has changed with the
increase of the lignin content [52]. These observations sug-
gests the successful incorporation of lignin and PVA to form

the lignin-derived hydrogels [53]. The increase in the lignin
content of the hydrogel results in a greater number of func-
tional sites on their surface, which can contribute to selective
ionic migration and improved i-TE performance.

The swelling capacity of the synthesized hydrogels was
examined in deionized (DI) water at room temperature and
the results are plotted in Fig. 2c. All the lignin-derived

@ Springer



47 Page 6 of 14 Advanced Composites and Hybrid Materials (2024) 7:47
Fig.3 Ionic thermoelectric (a) (b)
performance of 3 wt% lignin =25 125 &
hydrogels in terms of a Seebeck § N 5 < 301 9—9
coefficient and ionic conductiv- £0] 100 € £
ity, b power factor; ¢ schematic = - =
. . . (7] - = = 20
representation of selective ion S 154 l75 S =
migration within hydrogels. % I g
Effect of lignin concentration 8 1.0 50 2 < 40
on d Seebeck coefficient and e é S g
ionic conductivity of hydrogels $ 0.51 ' . L25 2 L2
A ‘ | ° 04 9—o—9
0.0 -0 T T T T T
KOH NaOH KI  NaCl ChCl KOH NaOH KI NaCl ChcCl
(c)
KOH, NaOH
£ \ C-OH 7 }-0-K*
2
©
g <
g \\ ) @® Anions
E @ Cations

(d)

Crosslinked hydrogel

44[_J«oH
K
I:l Choline chloride

Ny
L

Seebeck coefficient (mV/K)
no

LN Em P

[ INaoH
NaCl

Wmﬂ

framework
(e)
KOH
’5\120 % SIaOH
T % f Nacl
\; 90 Choline chloride
=
5 604 :
E i W
N 5 N
© ]
2 30 W N (
Wl ° | |
i Al 0B

TcB3 TcB6

hydrogels demonstrate excellent swelling capacity. The
maximum swelling capacity of 817.9% was attained by
the hydrogel with the lowest lignin content (TcB3). As the
concentration of lignin increases in the hydrogels, swelling
capacity reduces to 439.4% and 252.1% for TcB6 and TcB9,
respectively. This reduction is associated with the hydropho-
bic character of the kraft lignin molecules which reduces
water imbibition in the hydrogel network and results in lower
swelling capacities [54]. Nevertheless, these results indi-
cate that all the synthesized hydrogels have sufficient water
uptake capacity to be suitable for electrolyte infiltration and
i-TE applications.

The i-TE testing was carried out to investigate the perfor-
mance of lignin-derived hydrogels. Initially, TcB3 — 5.0%
CL hydrogels were infiltrated with various electrolytes with
1 M concentrations. This analysis aimed to identify the most
suitable electrolyte based on the Seebeck coefficient val-
ues and ionic conductivity results, as presented in Fig. 3a.
Hydroxide-based electrolytes, specifically KOH and NaOH,
exhibited significantly higher ionic thermoelectric responses
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TcB9 TcB3 TcB6 TcB9

compared to other electrolytes. The recorded Seebeck coef-
ficients were 2.32+0.13 mV/K and 1.70+0.04 mV/K for
the hydrogels infiltrated with KOH and NaOH electrolytes,
respectively. Furthermore, the ionic conductivity values of
55.9 mS/cm and 98.5 mS/cm for KOH and NaOH electro-
lytes, respectively, were also significantly higher. The result-
ing power factor for KOH and NaOH electrolytes was 30.3
uW/m K2 and 29.1 uW/m K2, respectively (Fig. 3b).

These promising results suggest a potential correlation
between the chemical structure of the crosslinked hydrogels
and the improved performance observed with hydroxide-
based electrolytes. This could be explained by the possible
mechanism wherein the terminating alcoholic or phenolic
groups of the crosslinked framework (C—OH) undergo trans-
formation into anionic alkoxide groups (C-O~) upon immer-
sion in hydroxide-based electrolytes [55, 56]. This leads to
an electrolyte containing free mobile K* and bonded anions
shown by the attraction to the hydrogel matrix in Fig. 3c.
Likewise, the imbalance in mobility of cations and anions
results in an enhanced concentration difference within the
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hydrogel network, facilitating selective ionic migration and
superior Seebeck coefficients [57].

Subsequently, the effect of varying the lignin content
on the i-TE performance of hydrogels was investigated by
assessing their Seebeck coefficient, ionic conductivity, and
power factor values. When compared to other hydrogels,
all hydrogels infiltrated with the KOH electrolyte showed
significantly higher Seebeck coefficients, and the See-
beck coefficients increased as the lignin content increased:
S(TeB3)=2.33 mV/K, S(TcB6)=2.51 mV/K, and S(TcB
9)=3.48 mV/K (Fig. 3d). This phenomenon is attributed
to the fact that the synthesized hydrogels with higher lignin
content contain more ionizable phenolic groups, which
results in an improved selective ion migration [58]. Con-
sequently, an increased ion concentration difference is
achieved, leading to superior Seebeck coefficient values. The
impedance measurements (Nyquist plots) were utilized to
determine the hydrogel resistance, which was then utilized to
measure the ionic conductivity (Fig. S3). The ionic conduc-
tivity values were also higher in the hydroxide-based elec-
trolytes. Interestingly, the ionic conductivity value decreases
for TcB9 hydrogels. This is associated with the swelling
capacity of these samples, implying reduced absorption of
electrolytes, resulting in fewer available ions for conduc-
tion [59]. Furthermore, the interconnectivity of the porous
structure within the hydrogel may be limited, disrupting
the continuous pathways that are essential for the efficient
migration of ions. The limited swelling and disrupted porous
network impede the free flow of electrolyte ions, hampering
the hydrogel’s ability to conduct ions effectively. However,
the trend of ionic conductivity for all electrolytes was com-
parable (Fig. 3e). This is because the ionic conductivity is
primarily influenced by the concentration/molarity of the
electrolyte rather than the structure of the polymer matrix
[60]. Based on the comprehensive analysis of all possible
combinations, the selection of TcB9 — CL 5% hydrogel infil-
trated with the 1 M KOH electrolyte was deemed favorable
for subsequent exploration owing to its superior power factor
(58.3 uW/m K?) and promising prospects for further devel-
opment (Table S3).

After the selection of the most appropriate electrolyte and
concentration of lignin in the hydrogels, further optimization
was conducted based on the concentration of the crosslinker.
Three lignin-derived hydrogels were synthesized with dif-
ferent chemical crosslinker concentrations (TcB9-CL 2.5%,
TcB9-CL 5.0%, and TcB9-CL 10% v/v). The morpho-
logical analysis of lignin-derived hydrogels with varying
crosslinker concentrations was carried on using SEM; the
results are depicted in Fig. 4a. The findings clearly indicate
that hydrogel porosity decreases as the crosslinker concen-
tration increases. This phenomenon can be attributed to the
increased number of crosslinks formed between the polymer
chains, leading to a densely crosslink network with reduced

porosity. It is clearly visible that the pore size significantly
changes with varying crosslinker concentrations (= 46.53
um for TcB9-2.5%, ~ 25.89 um for TcB9-5.0%, and ~ 6.23
um for TcB9-10%). The limited porosity of hydrogels with
higher crosslinker concentrations will ultimately impact
their swelling capacity and their i-TE performance.

Since KOH was shortlisted as the most suitable electro-
lyte for lignin-derived i-TE hydrogels; the swelling capacity
of these hydrogels was evaluated in 1 M KOH electrolyte
at room temperature, and the results are plotted in Fig. 4b.
The swelling results are in excellent agreement with the
morphological analysis. The maximum swelling capacity
of 500+ 80% was achieved for TcB9-2.5% CL hydrogel. All
the hydrogels demonstrated similar swelling capacity behav-
ior, with the maximum swelling being achieved within 24 h.
As the concentration of crosslinker increases in the hydro-
gels, the swelling capacity reduces to 272.7% and 98.6% for
TcB9-5% CL and TcB9-10% CL, respectively. This reduc-
tion in swelling capacity can be explained by the increased
crosslinking density of hydrogels with increased crosslinker
concentrations. The increased crosslinking density of the
hydrogels makes them less permeable and limits their abil-
ity to absorb electrolyte, causing the swelling capacity to
decrease as the concentration of crosslinker increases.

The FTIR spectra of these lignin-derived hydrogels were
employed to evaluate the effects of the chemical crosslinker
concentration on the chemical structure and degree of
crosslinking of the hydrogels, as shown in Figs. 4c and S4.
It was found that all the hydrogels had similar FTIR spectra.
However, the intensity of some noticeable peaks varies with
the degree of crosslinking. The intensity of the broad peak
at 3500-3200 cm™!, associated with -OH stretching vibra-
tions in lignin-derived hydrogels, reduces with the increase
in the crosslinker concentration. This is due to the utilization
of most of the available hydroxyl groups for covalent bond-
ing at higher crosslinker concentration, resulting in a highly
crosslinked hydrogel framework with restricted porosity
(Fig. 4a) and limited availability of -OH functional sites
[61]. Additionally, etheric symmetrical and asymmetrical
linkages (C—O—C) at 1038 cm™! and 1284 cm™! also become
prominent at a higher degree of crosslinking. Interestingly,
the aromatic skeleton vibrations at 1586 cm™! also vary with
the concentration of crosslinker.

The i-TE thermoelectric properties of these hydrogels
were evaluated, and the obtained results are presented in
Fig. Sa—c and Table S4. The ionic resistance obtained from
the impedance response (Fig. S5) increases with the con-
centration of the crosslinker, and hence lower ionic con-
ductivity (Fig. 5a). This is associated with the fact that the
reduction in the pore size and the increase of the crosslink-
ing density with the increase in crosslinker concentration
result in restricting the movement of ions or molecules
within the hydrogel, thereby reducing the ionic conductivity.
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improved absorption and transport of the electrolyte, result-
ing in elevated ionic conductivity and Seebeck coefficient.
Moreover, the lower crosslinker concentration promotes
enhanced ionic selectivity by providing more available func-
tional sites on the hydrogel surface, further facilitating rapid
and unhindered ion migration within the hydrogel matrix
and leading to superior i-TE properties.

Final optimization of lignin-derived hydrogels was car-
ried out on the basis of electrolyte concentration (Tables S4
and S5). The TcB9-2.5% CL hydrogels were infiltrated with
varying molar concentrations (ranging from 0.1 M to 6.0 M)
of KOH electrolyte, and subsequent testing was conducted
to evaluate the i-TE properties. Figure 6a—c and e show the
results obtained for the Seebeck coefficient, ionic conductiv-
ity, thermal conductivity, Fig. of merit, and power factor of
all the hydrogel samples subjected to an axial thermal gra-
dient (Fig. 6d). Notably, an increase in the electrolyte con-
centration correlated with amplified values of the Seebeck
coefficient and ionic conductivity. The maximum value of
thermal voltage was recorded to be 13.0+0.7 mV/K for the
6 M KOH concentration (Figs. S6 and S7). This enhance-
ment in thermal voltage is attributed to the improved influ-
ence of ionic selectivity within the hydrogel framework
resulting from the increased ionic concentration [62]. As a
result, cations (K™) diffuse more rapidly than anions, leading
to a larger Seebeck coefficient. Likewise, the ionic conduc-
tivity monotonously increases with electrolyte concentration
in all hydrogels up to 4 M concentration before reaching
the saturation point (Figs. 6b and S8). Consequently, an
exceptionally high-power factor of 3831 +45 pW/m-K? was
registered for the hydrogel infiltrated with 6 M KOH elec-
trolyte, outperforming most of the existing state-of-the-art
ionic thermoelectric materials (Table S7).

The thermal conductivity of infiltrated TcB9-2.5% CL
hydrogels was investigated by measuring the thermal con-
ductivity values at different electrolyte concentrations, as
shown in Fig. 6¢. The observed thermal conductivity values
ranged from 0.43 to 0.29 W/m K. The highest thermal con-
ductivity value of 0.43 W/m K was obtained for the hydrogel
infiltrated with 0.1 M KOH electrolyte, while the lowest
value of 0.29 W/m K was observed for the hydrogel with 6
M electrolyte. The decrease in thermal conductivity can be
attributed to the water uptake during the swelling process, as
distilled water has a thermal conductivity of approximately
0.6 W/m K [63]. The swelling of hydrogels was observed
to decrease with increasing KOH concentration (Fig. S9),
resulting in lower electrolyte uptake and consequently lower
thermal conductivity values. The thermal conductivity val-
ues tended to approach those of the precursor materials, such
as pure PVA (0.2-0.3 W/m K) [64] and other lignin-based
materials (0.3-0.5 W/m K) [65, 66]. The combination of
the lower thermal conductivity observed in lignin-derived
hydrogels infiltrated with a highly concentrated KOH

electrolyte, and their exceptional power factor values yields
remarkable Figure of merit (ZTi). Specifically, the ZTi val-
ues reach 3.12 and 3.75 for 4 M and 6 M KOH infiltrated
hydrogels, respectively (Fig. 6e).

It is important to mention here that the significant
increase in the thermal voltage starts after 1| M KOH con-
centration. Subsequently, the thermal voltage increased by
40.6% and 52.3% as the concentration of KOH electrolyte
rose to 2 M (9.8 mV/K) and 4 M (12.2 mV/K), respectively.
However, beyond the 4 M concentration, the Seebeck coef-
ficient showed no substantial increase, with a mere 3.1%
rise observed for the 6 M KOH concentration. Addition-
ally, hydrogels immersed in 6 M KOH electrolyte shrink
significantly, which makes processing difficult. This shrink-
ing is associated with a change in osmotic pressure and ion
concentration of the external solution, according to Flory
network theory [67]. At 6 M KOH concentration, the exter-
nal solution has a higher solute concentration than that of
lignin-derived hydrogel; electrolyte will be drawn out of the
hydrogel, resulting in shrinkage of the hydrogels [68]. Addi-
tionally, the structural integrity and degree of crosslinking
of the hydrogel are also at risk at such high concentrations.
As aresult, it is imperative to give special consideration to
the selection of the electrolyte concentration. Conclusively,
the chemically crosslinked framework of lignin hydrogels
promotes ionic transport, resulting in higher ionic conductiv-
ity, superior power factor, and higher ZT,, paving the way for
sustainable i-TE materials.

Various mechanical testings were conducted on lignin-
based hydrogels, and the results are presented in Fig. 7. The
hydrogels were stretched within their elastic limits in order
to determine the maximum degree of elasticity. The out-
standing elasticity, as indicated by the stretchability results
ranging from 146.2 + 14.2% for TcB9-10% to 265.4+31.2%
for TcB3-5%, stems from the synergistic effects of lignin and
PVA component (Fig. 7a). These variations in elasticity are
attributed to differences in polymer composition, crosslinker
concentration, and crosslinking density within the hydrogel
formulations. Figure 7b illustrates the stretchability of TcB9-
2.5% lignin hydrogels in laboratory. The compression testing
of hydrogels was also conducted, and results are plotted in
Fig. 7c. The stress—strain graphs of lignin-based hydrogels
depict typical trends for flexible hydrogels with gradual
increase in stress until a certain strain, after which a sharp
rise in the stress occurred [69, 70]. This behavior can be
explained by elastic region of the hydrogels followed by the
rearrangement of polymer chains and increased resistance
to deformation beyond a certain strain threshold. This sharp
rise signifies the hydrogels’ exceptional ductility, allowing
them to withstand substantial deformation without fractur-
ing. The differences in the points where the sharp rise of
stress starts can be attributed to the varying compositions
of your hydrogels. The Young’s modulus values for these

@ Springer



47 Page 10 of 14 Advanced Composites and Hybrid Materials (2024) 7:47

—_
)
~
—_
=

15— . . . . . . . .

"
)

[\

Ul

(@]
1

L

121 - T .
200+ et )l

150+ / :

100+ / .

Seebeck coefficient (mV/K)
lonic conductivity (mS/c

©

~
—_
Q

0.6 . : : . . . 38.6°C
£
< 0.5 J
= . :
> 04 - | <= Cold Peltier
g N . ’ : T Encapsulated St%el
5 0.3+ N Y@ Hydrogel electrodes 30.6 °C
© - -
c ‘
8 0.2 - B .‘ Hot Peltier
E
= 0.1 1
<
S 226°C
R R SR N
S S S S ©
(e) 4 T T T T T T T T T T T
Figure of Merit + - | 4000
1 Power factor i
T — &
—~ 34 - o
'—
S L 3000 £
q-) B N—r
> i —
3 ° L 2000 £
S = ©
T _ I
[¢)
> 2
i 14 - 1000 2
N P e i 0

o & O O O N

Fig. 6 Effect of electrolyte concentration in terms of a Seebeck coefficient, b ionic conductivity, ¢ thermal conductivity, d thermal camera image
of hydrogel subject to axial temperature difference, and e power factor and Figure of merit of lignin-derived hydrogel

@ Springer



Advanced Composites and Hybrid Materials (2024) 7:47 Page110f 14 47

(a) (b)
300_ .i' T T T T ]
;@225— I ) i
> 1 .
é 1501 I .
<
L
75- ]
STRETCHING
O T T T T T ‘ I ' e ) B2 r LJ‘,;
geoge ge g gl RECOVERY
& & o
& e 8
(c) (d)
120 . , ; . 60 . : . . .
T = TcB3-5% == TcB6-5% _ )
< 1001 = 1cB9-25% = TcB9-5% . =50+ T .
9 = TcB9-10% =3
o 80+ E 2 40+ i
@ E2N EE 3 35 T
2 604 1 330] [ ]
% 20|
1%2]
240 W @ 1 520 -
£ 8 =) 3 !
O 20+ - 10 _
O_ T T T T O T T T T T
0 20 40 60 80 100 <§\° <,<)>\° <5)>\° <,‘)>\° QO\O
Strain (%) &’b’ &b’ &0{ o)ﬂ/ %0),'\
N\ « I\ Q G
(e) < A

ORIGINAL 90° BENDING 180° BENDING

ROLLING TWISTING + ROLLING

ty of Sciel

gineering

Fig. 7 Mechanical properties of hydrogels a elasticity; b photographs of TcB9-2.5% before, during, and after stretching, ¢ compressive stress
strain curves, d Young’s modulus, and e flexibility testing of TcB9-2.5% hydrogel

@ Springer



47 Page 12 of 14

Advanced Composites and Hybrid Materials (2024) 7:47

hydrogels were comparatively low, with a maximum of
50.91 kPa recorded for TcB9-5%. Moreover, extensive flex-
ibility testing, including bending to 90 and 180 degrees, roll-
ing around fingers, and twisting around a ballpoint, revealed
the TcB9-2.5% hydrogel exceptional flexibility and resil-
ience (Fig. 7e). It is noteworthy that despite their distinct
composition differences, all hydrogels display exceptional
flexibility. The combination of lignin and PVA in these
hydrogel formulations results in a material with a balanced
set of mechanical properties, combining the strength and
rigidity of lignin with the flexibility and elasticity of PVA
[32]. Furthermore, we conducted extensive tests to evalu-
ate the ionic thermoelectric performance of TcB9-2.5% C.L
hydrogels. These assessments included testing the hydrogels
for ionic conductivity at different temperatures (Fig. S12),
examining their ionic conductivity during compression
cycling (Fig. S13), and observing their thermal voltage
response when deformed (Fig. S14). Across all these tests,
the hydrogels consistently demonstrated exceptional perfor-
mance, showcasing their reliability and effectiveness under
various conditions. These findings underscore the potential
of these highly elastic, stretchable, and resilient hydrogels
for advance energy harvesting and biomedical applications.

Finally, the ionic thermoelectric supercapacitor was fab-
ricated using TcB9-2.5% CL hydrogel, infiltrated with 4 M
KOH, and encapsulated between highly capacitive lignin-
based 3D spherical porous carons (LSPCs) electrodes that
were synthesized in our recent study [71]. CV curve and
Nyquist plot of the supercapacitor device are presented in
Fig. S15a and b. The devices exhibited symmetrical boat-
like shape, indicating a combination of electric double layer
and pseudocapacitive charge storage behavior [35]. EIS
curve is more inclined toward the vertical axis, indicating
EDLC behavior and fast ion transport between hydrogel and
electrodes. Fig. S15c illustrates the four stages involved in
the working of an ionic thermoelectric supercapacitor. The
power density and energy density were calculated for 2nd
stage at 1 KQ external load and estimated to be 17.12 yW/
m? and 228 mJ/m? respectively. Additionally, the current
density—voltage—power density (I-V—P) curves of the device
at 20 K temperature difference is shown in Fig. S15d, and
results are aligned with previous published studies [72, 73].

4 Conclusions

This study aimed to investigate the ionic thermoelectric
phenomenon using lignin-derived hydrogels. Lignin-
derived hydrogels enhanced the ionic conductivity and See-
beck coefficient due to the selective ionic migration in syn-
ergy with the Soret effect due to the presence of ionizable
groups on the surface of hydrogels. Various compositions
of lignin derived hydrogels were tested for optimizing i-TE

@ Springer

thermoelectric efficiency. It was found that hydrogels with
higher lignin concentrations (TcB9) and lower crosslinker
concentrations (2.5% v/v) have excellent swelling capacity
(500+80%) and superior thermopower (5.8 +£0.9 mV/K)
compared to others. The optimized lignin-derived hydrogel,
infiltrated with 6 M KOH electrolyte, exhibits high ionic
conductivity (226.5 mS/cm), low thermal conductivity
(0.29 W/m K), and a superior Seebeck coefficient of 13
mV/K, leading to a remarkable ZT, of 3.75. These hydro-
gels possess outstanding ionic thermoelectric properties,
and, importantly, they are biocompatible, environmentally
friendly, and biodegradable. These features make them
suitable for several high-end applications, including tem-
perature sensors for monitoring the environment, healthcare
applications in biomedical sensors, and wearable electron-
ics designed for sustainable and efficient energy harvesting.
This innovation not only advances ionic thermoelectricity
but also has significant potential for addressing environmen-
tal sustainability and technological progress.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42114-024-00863-0.

Acknowledgements MM would like to extend a special thanks to the
Plassey Campus Centre Residential Scholarship.

Author contribution Conceptualization: M.M. Methodology: M.M.,
N.M., M.A.N. Formal analysis and investigation: M.M., N.M., A.Q.,
M.A.N., J.G.-C. Writing-original draft preparation: M.M. Writing-
review and editing: J.G.-C., M.C., C.G., A.C., M.N.C. Funding acqui-
sition: M.C., M.N.C. Resources: M.C., C.G., A.C. Supervision: M.C.,
M.N.C.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. This research was supported through
the Grant PID2021-1248450A-100 funded by MCIN/AEI/https://doi.
org/10.13039/501100011033and by the “European Union NextGen-
erationEU/PRTR.” MNC and MM acknowledge the Irish Government
funding received via the DAFM NXTGENWOOD research program
2019PROG704. Thanks are also given to the funding provided by grant
PROMETEO-2020-016.

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations

Conflict of interest The authors declare that there is no conflict of in-
terest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will


https://doi.org/10.1007/s42114-024-00863-0
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033

Advanced Composites and Hybrid Materials

(2024) 7:47

Page130f 14 47

need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Brodny J, Felka D, Tutak M (2023) Applying an automatic gasom-
etry system and a fuzzy set theory to assess the state of gas hazard
during the coal mining production process. Eng Sci 23:891
Akimbekov NS et al (2023) Microbial Co-processing and Benefi-
ciation of Low-rank Coals for Clean Fuel Production: A Review.
Eng Sci 25:942

Aslam A et al (2023) Recent advances in biological hydrogen
production from algal biomass: a comprehensive review. Fuel
350:128816

Rahman MZ et al (2023) Model-based optimal and robust control
of renewable hydrogen gas production in a fed-batch microbial
electrolysis cell. Int ] Hydrogen Energy

Muddasar M et al (2023) Coaxial microbial electrolysis cell for
cost-effective bioenergy production and wastewater treatment of
potato industry effluent. J] Chem Technol Biotechnol

Muddasar M et al (2022) Cellulose: Characteristics and applica-
tions for rechargeable batteries. Int J Biol Macromol 219:788-803
Muddasar M (2022) Iron-based additives and biogas produc-
tion from organic wastes using anaerobic digestion process.
Int J Renew Energy Res 12(1):31-41

Muddasar M et al (2022) Performance efficiency comparison of
microbial electrolysis cells for sustainable production of biohydro-
gen—a comprehensive review. Int ] Energy Res 46(5):5625-5645
Muddasar M et al (2021) Evaluating the use of unassimilated bio-
anode with different exposed surface areas for bioenergy produc-
tion using solar-powered microbial electrolysis cell. Int J Energy
Res 45(14):20143-20155

. Muddasar M (2021) Enhanced bioenergy production using waste-

water in hybrid - microbial electrolysis cell (MEC). National Uni-
versity of Sciences & Technology: Pakistan 95

Fan W et al (2023) MXene enhanced 3D needled waste denim
felt for high-performance flexible supercapacitors. Nano-Micro
Letters 16(1):36

Boshoman SB, Fatoba OS, Jen TC (2023) Transition metal oxides
as electrocatalytic material in fuel cells: a review. Eng Sci 25:948
Roymahapatra G et al (2023) Computational study on docking of
laccase and cyanide-bridged Ag-Cu complex for designing the
improved biofuel cell cathode. ES Energy Environ 21:957
Skakov MK et al (2023) La2Cu0O4 Electrode material for low
temperature solid oxide fuel cells. ES Mater Manuf 22:969

Lin Z et al (2023) Research progress of MXenes and layered
double hydroxides for supercapacitors. Inorg Chem Front
10(15):4358-4392

Li T et al (2023) Sodium alginate reinforced polyacrylamide/xan-
than gum double network ionic hydrogels for stress sensing and self-
powered wearable device applications. Carbohyd Polym 309:120678
Yuan G et al (2023) Boron and fluorine Co-doped laser-induced
graphene towards high-performance micro-supercapacitors. Car-
bon 212:118101

Jiang X et al (2022) The impact of electrode with carbon materials
on safety performance of lithium-ion batteries: A review. Carbon
191:448-470

Bu Z et al (2022) A record thermoelectric efficiency in tellurium-
free modules for low-grade waste heat recovery. Nat Commun
13(1):237

Sun S et al (2023) Advances in ionic thermoelectrics: from materi-
als to devices. Adv Energy Mater 13(9):2203692

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kishore RA, Priya S (2018) A review on low-grade thermal energy
harvesting: materials, methods and devices. Materials 11(8):1433
Tian Y et al (2023) High-performance ionic thermoelectric
materials and emerging applications of ionic thermoelectric
devices. Mater Today Energy 101342

Cheng H et al (2022) Ionic thermoelectrics: principles, materials
and applications. ] Mater Chem C 10(2):433-450

Zhang J et al (2022) Research progress of ionic thermoelectric
materials for energy harvesting

Liu W et al (2021) Ionic thermoelectric materials for near
ambient temperature energy harvesting. Appl Phys Lett
118(2):020501

Mao S-D et al (2022) Preparation of the polyvinyl alcohol ther-
mal energy storage film containing the waste fly ash based on the
phase change material. Polym Eng Sci 62(10):3433-3440

Lan D et al (2023) Impact mechanisms of aggregation state regula-
tion strategies on the microwave absorption properties of flexible
polyaniline. J Colloid Interface Sci 651:494-503

Moore CJ (2008) Synthetic polymers in the marine environment: a
rapidly increasing, long-term threat. Environ Res 108(2):131-139
Lu H et al (2022) Bioprospecting microbial hosts to valorize
lignocellulose biomass — environmental perspectives and value-
added bioproducts. Chemosphere 288:132574

Strézyk MA, Muddasar M, Conroy TJ et al (2024) Decreasing the
environmental impact of carbon fibre production via microwave
carbonisation enabled by self-assembled nanostructured coat-
ings. Adv Compos Hybrid Mater 7:39. https://doi.org/10.1007/
$42114-024-00853-2

Serafin A et al (2023) 3D printable electroconductive gelatin-
hyaluronic acid materials containing polypyrrole nanoparticles
for electroactive tissue engineering. Adv Compos Hybrid Mater
6(3):109

Liu X et al (2022) A highly stretchable, sensing durability, trans-
parent, and environmentally stable ion conducting hydrogel strain
sensor built by interpenetrating Ca2+-SA and glycerol-PVA dou-
ble physically cross-linked networks. Adv Compos Hybrid Mater
5(3):1712-1729

Zhu L et al (2022) Transparent, stretchable and anti-freezing
hybrid double-network organohydrogels. Sci China Mater
65(8):2207-2216

Collins MN et al (2019) Valorization of lignin in polymer and
composite systems for advanced engineering applications — a
review. Int J Biol Macromol 131:828-849

Beaucamp A et al (2022) Sustainable lignin precursors for tailored
porous carbon-based supercapacitor electrodes. Int J Biol Macro-
mol 221:1142-1149

Beaucamp A et al (2022) Lignin for energy applications — state
of the art, life cycle, technoeconomic analysis and future trends.
Green Chem 24(21):8193-8226

Chiani E et al (2023) Synthesis and characterization of gelatin/
lignin hydrogels as quick release drug carriers for Ribavirin. Int J
Biol Macromol 224:1196-1205

Culebras M et al (2019) Bio-derived carbon nanofibres from
lignin as high-performance li-ion anode materials. Chemsuschem
12(19):4516-4521

Collins MN et al (2022) Chapter 8 - The use of lignin as a precur-
sor for carbon fiber—reinforced composites. In micro and nanol-
ignin in aqueous dispersions and polymers. Elsevier 237-250
Pishnamazi M et al (2019) Design of controlled release system for
paracetamol based on modified lignin. Polymers 11(6)

Culebras M et al (2021) Facile tailoring of structures for con-
trolled release of paracetamol from sustainable lignin derived
platforms. Molecules 26(6)

Culebras M et al (2022) Lignin/Si hybrid carbon nanofibers
towards highly efficient sustainable Li-ion anode materials. Eng
Sci 17:195-203

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s42114-024-00853-2
https://doi.org/10.1007/s42114-024-00853-2

47

Page 14 of 14

Advanced Composites and Hybrid Materials

(2024) 7:47

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Beaucamp A, Culebras M, Collins MN (2021) Sustainable
mesoporous carbon nanostructures derived from lignin for early
detection of glucose. Green Chem 23(15):5696-5705

Chen L et al (2023) Super-stretching and high-performance ionic
thermoelectric hydrogels based on carboxylated bacterial cel-
lulose coordination for self-powered sensors. Carbohyd Polym
321:121310

Fu M et al (2023) Highly stretchable, resilient, adhesive, and self-
healing ionic hydrogels for thermoelectric application. Adv Func-
tion Mater 2306086

Lei Z, Gao W, Wu P (2021) Double-network thermocells with
extraordinary toughness and boosted power density for continuous
heat harvesting. Joule 5(8):2211-2222

Chen JM (2021) Carbon neutrality: toward a sustainable future.
The Innovation 2(3)

Serrano-Claumarchirant JF et al (2023) Textile-based thermoelec-
tric generator produced via electrochemical polymerization. Adv
Mater Inter 2202105

Wu L et al (2019) Synthesis and characterization of biomass
lignin-based PVA super-absorbent hydrogel. Int J Biol Macromol
140:538-545

Korbag I, Mohamed Saleh S (2016) Studies on the formation of
intermolecular interactions and structural characterization of poly-
vinyl alcohol/lignin film. Int J Environmen Studies 73(2):226-235
Pavia DL et al (2014) Introduction to spectroscopy. Cengage
learning

Bian H et al (2018) Lignin-containing cellulose nanofibril-
reinforced polyvinyl alcohol hydrogels. ACS Sustain Chem Eng
6(4):4821-4828

Erfani Jazi M et al (2019) Structure, chemistry and physico-
chemistry of lignin for material functionalization. SN Appl Sci
1(9):1094

Zerpa A, Pakzad L, Fatehi P (2018) Hardwood Kraft lignin-
based hydrogels: production and performance. ACS Omega
3(7):8233-8242

Xiao Y, Jiang J, Huang H (2014) Chemical dechlorination of hexa-
chlorobenzene with polyethylene glycol and hydroxide: dominant
effect of temperature and ionic potential. Sci Rep 4(1):6305
Zhao D et al (2016) Ionic thermoelectric supercapacitors. Energy
Environ Sci 9(4):1450-1457

Mentor JJ, Torres R, Hallinan DT (2020) The Soret effect in dry polymer
electrolyte. Molecular Systems Design & Engineering 5(4):856-863
Muddasar M et al (2023) Lignin-derived ionic conducting mem-
branes for low-grade thermal energy harvesting. Adv Function
Mater 2306427

Jia M, Luo L, Rolandi M (2022) Correlating ionic conductivity
and microstructure in polyelectrolyte hydrogels for bioelectronic
devices. Macromol Rapid Commun 43(6):2100687

@ Springer

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

He Y et al (2022) Role of Ions in hydrogels with an ionic Seebeck
coefficient of 52.9 mV K-1.J Phys Chem Lett 13(20):4621-4627
Gomaa MM et al (2018) Crosslinked PVA/SSA proton exchange
membranes: correlation between physiochemical properties and
free volume determined by positron annihilation spectroscopy.
Phys Chem Chem Phys 20(44):28287-28299

Aryal D, Ganesan V (2018) reversal of salt concentration depend-
encies of salt and water diffusivities in polymer electrolyte mem-
branes. ACS Macro Lett 7(6):739-744

Castelli VJ, Stanley EM (1974) Thermal conductivity of distilled
water as function of pressure and temperature. ] Chem Eng Data
19(1):8-11

Corradini E, Pineda EAG, Hechenleitner AAW (1999) Lignin-
poly (vinyl alcohol) blends studied by thermal analysis. Polym
Degrad Stab 66(2):199-208

Huang C, Qian X, Yang R (2018) Thermal conductivity of
polymers and polymer nanocomposites. Mater Sci Eng R Rep
132:1-22

De Carvalho G, Frollini E, Santos WND (1996) Thermal con-
ductivity of polymers by hot-wire method. J Appl Polym Sci
62(13):2281-2285

Flory PJ (1953) Principles of polymer chemistry. Cornell univer-
sity press

Aalaie J et al (2008) Effect of montmorillonite on gelation and
swelling behavior of sulfonated polyacrylamide nanocomposite
hydrogels in electrolyte solutions. Eur Polymer J 44(7):2024-2031
Wang Y et al (2019) Effects of cellulose nanofibrils on dialde-
hyde carboxymethyl cellulose based dual responsive self-healing
hydrogel. Cellulose 26(16):8813-8827

Liu J et al (2022) Silver nanosheets doped polyvinyl alcohol
hydrogel piezoresistive bifunctional sensor with a wide range and
high resolution for human motion detection. Adv Compos Hybrid
Mater 5(2):1196-1205

Muddasar M et al (2024) Synthesis of sustainable lignin precur-
sors for hierarchical porous carbons and their efficient perfor-
mance in energy storage applications. ACS Sustain Chem Eng
Jiang K et al (2023) An ionic thermoelectric generator with a giant
output power density and high energy density enabled by synergy
of thermodiffusion effect and redox reaction on electrodes. Adv
Energy Mater 13(21):2204357

Han C-G et al (2020) Giant thermopower of ionic gelatin near
room temperature. Science 368(6495):1091-1098

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Highly-efficient sustainable ionic thermoelectric materials using lignin-derived hydrogels
	Abstract
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Synthesis of lignin-based hydrogels
	2.3 Material characterizations
	2.3.1 Electrolyte infiltration and i-TE testing


	3 Results and discussion
	4 Conclusions
	Acknowledgements 
	References


