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A pH-Sensitive Stretchable Zwitterionic Hydrogel with
Bipolar Thermoelectricity

Ling-Chieh Lee, Kang-Ting Huang, Yen-Ting Lin, U-Ser Jeng, Chia-Hsin Wang,
Shih-Huang Tung, Chun-Jen Huang,* and Cheng-Liang Liu*

Amid growing interest in using body heat for electricity in wearables, creating
stretchable devices poses a major challenge. Herein, a hydrogel composed of
two core constituents, namely the negatively-charged
2-acrylamido-2-methylpropanesulfonic acid and the zwitterionic (ZI)
sulfobetaine acrylamide, is engineered into a double-network hydrogel. This
results in a significant enhancement in mechanical properties, with tensile
stress and strain of up to 470.3 kPa and 106.6%, respectively. Moreover, the ZI
nature of the polymer enables the fabrication of a device with polar
thermoelectric properties by modulating the pH. Thus, the ionic Seebeck
coefficient (Si) of the ZI hydrogel ranges from −32.6 to 31.7 mV K−1 as the pH
is varied from 1 to 14, giving substantial figure of merit (ZTi) values of 3.8 and
3.6, respectively. Moreover, a prototype stretchable ionic thermoelectric
supercapacitor incorporating the ZI hydrogel exhibits notable power densities
of 1.8 and 0.9 mW m−2 at pH 1 and 14, respectively. Thus, the present work
paves the way for the utilization of pH-sensitive, stretchable ZI hydrogels for
thermoelectric applications, with a specific focus on harvesting low-grade
waste heat within the temperature range of 25–40 °C.

1. Introduction

In response to global concerns regarding climate change, along
with the growing demand for energy resources, the field of ther-
moelectric technology has emerged as a leading solution for sus-
tainable development.[1] In particular, this technology offers a
highly promising avenue for harnessing the vast reserves of low-
grade heat energy (typically below 100 °C) that constitute nearly
two-thirds of the world’s waste heat.[2] A notable development
in this field revolves around the utilization of electronic thermo-
electric (e-TE) materials to construct thermoelectric generators
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(TEGs). These innovative devices operate
as dynamic waste heat recovery systems
by leveraging the principles of the Seebeck
effect, wherein mobile charge carriers re-
spond to temperature gradients, thereby
facilitating electrical energy generation.[3]

Nevertheless, pronounced challenges re-
main due to the inherently low Seebeck
coefficient (S) values of the traditional
inorganic-based TEGs, which typically fall
within the range of a few mV K−1, thus pre-
senting a significant barrier to the achieve-
ment of efficient heat-to-electricity conver-
sion. Meanwhile, additional challenges in-
clude limited flexibility, dependence on rare
earth elements, and the need for high ther-
mal gradients. Therefore, it is of utmost im-
portance to overcome these obstacles in or-
der to make the TEGs viable and applica-
ble across a wide range of potential uses.[4]

A promising solution to the aforemen-
tioned challenges in the field of thermoelec-
tric energy conversion is provided by the
ionic thermoelectric generators (i-TEGs),

which exploit the thermo-diffusion of ionic charge carriers in
response to temperature gradients. Due to the disparate diffu-
sion coefficients and, hence, mobilities of the constituent an-
ions and cations, these tend to accumulate at either the hot or
cold electrode in a phenomenon known as the Soret effect. Si-
multaneously, electrons move from the electrodes to the exter-
nal circuit to counterbalance the charge disparities generated by
the accumulated ions. This unique approach, which provides a
Seebeck coefficient (referred to as the ionic Seebeck coefficient,
Si) one to three orders of magnitude larger than that of e-TE
materials, presents opportunities to improve the efficiency and
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Figure 1. a) Molecular structures of the AMPS and SBAA monomers. b) Schematic representation depicting the first network, pAMPS hydrogels; the
second network, pSBAA hydrogels; the zwitterionic double network hydrogel, pAMPS/pSBAA-N. The interactions between pAMPS and pSBAA and within
pSBAA are also illustrated schematically.

practicality of thermoelectric technology. Thus, while the i-TE
materials do not inherently generate electrons as the e-TE ma-
terials do, they possess a notable advantage in the form of
supercapacitor-like characteristics, including the capacity to sus-
tain a substantial voltage of more than 10 mV K−1. This distinct
feature opens up new avenues for the application of i-TE materi-
als in practical energy storage and conversion systems.

An important determinant in achieving high-performance
i-TE properties is the precise control of the cation or anion frac-
tions within the polyelectrolyte.[3a,5] In this regard, considerable
efforts have been directed toward exploiting either interac-
tions between the ions and non-covalent bonds in the matrix
(e.g., ion-dipole interactions) or ion-ion interactions between
the anions and cations within the i-TE system. For example,
Zhou et al. demonstrated the creation of an ionogel composed
of 1-ethyl-3-methylimidazolium dicyanamide (EMIM:DCA)
and poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP) with cationic doping.[6] Because the strongly electron-
withdrawing F-groups in the PVDF-HFP led to interactions
between the matrix and ions, a sodium dicyanamide (Na-DCA)
dopant was added to the ionogel to provide additional interac-
tions between the matrix and the Na+ cations and DCA− anions
of the dopant, thus resulting in an increased disparity between
the mobilities of the EMIM+ cations and the DCA− anions. This
resulted in a superior Si value of 45 mV K−1 and a ZTi value of 6.1
at a relative humidity (RH) of 85%. Meanwhile, Ho et al. reported
the use of zwitterionic (ZI) polymers, which are characterized
by an equal number of cations and anions along their polymer
chains.[7] In that study, the positions of the positive and negative
moieties in the polymer side chain were strategically adjusted to
achieve effective control of the movement of free ions within the
ionogel. This approach, involving unique binding interactions
between ionic and polymer functional groups, led to the success-

ful development of bipolar i-TE materials. Nevertheless, while
extensive research efforts have focused on the introduction of
additional materials or the use of diverse polymers to enhance
the anion or cation mobility,[8] there has been comparatively little
exploration into the use of pH-sensitive ZI polymers to achieve
bipolar i-TE properties by adjusting the pH of the environment.
This unexplored area of investigation holds considerable poten-
tial for advancing the present understanding of ion transport
dynamics within polymer matrices. A summary of the bipolar
thermoelectric properties of recently reported i-TE materials is
provided in Table S1, Supporting Information. By leveraging pH
manipulation to alter segment chargeability, specific ion mobility
is enhanced, enabling the attainment of bipolar thermoelectric
properties. When connecting p- and n-type i-TE materials in
series to build TE modules, higher thermovoltage generation
is achieved in practical applications, thereby increasing their
applicability across diverse fields.

Hence, in the present work, a ZI polyelectrolyte based on the
negatively charged 2-acrylamido-2-methylpropanesulfonic acid
(AMPS) in combination with the ZI sulfobetaine acrylamide
(SBAA) is synthesized via a two-step photopolymerization pro-
cess (the chemical structure depicted in Figure 1a). The re-
sulting double-network hydrogel, identified as pAMPS/pSBAA-
N (with N indicating soaking in deionized water), demon-
strates outstanding stretchability. To investigate the impact of
pH, the hydrogels are submerged in aqueous solutions span-
ning pH values from ≈1 to 14. The resulting hydrogels are
denoted as pAMPS/pSBAA-X, where X represents the specific
pH value. Remarkably, pAMPS/pSBAA-1 and pAMPS/pSBAA-
14 hydrogels each exhibit a substantial ionic conductivity (𝜎i)
of 60 mS cm−1, along with ionic Seebeck coefficients (Si) of
−32.6 and 31.7 mV K−1, and ZTi values of 3.8 and 3.6, respec-
tively. Finally, ionic thermoelectric supercapacitors (ITESCs) are
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fabricated using the pAMPS/pSBAA-1 and pAMPS/pSBAA-14
hydrogels, and are shown to provide impressive power densities
of 1.8 and 0.9 mW m−2, respectively, under an external load resis-
tance of 60 kΩ. This result demonstrates the versatile and promis-
ing nature of the as-developed ZI hydrogel for applications in
ionic thermoelectric systems, offering noteworthy performance
across a broad pH range.

2. Results and Discussion

The ZI polymer, which incorporates both positive and negative
charges in the same side chain, exhibits enhanced hydrophilic-
ity due to the higher density of cationic and anionic groups.
However, this increased hydrophilicity results in poorer tensile
stress.[9] Therefore, as shown schematically in Figure 1b and de-
tailed in the Experimental Section, a two-step photopolymeriza-
tion process was used to incorporate a pAMPS network with
a high degree of chemical cross-linking (for enhanced tensile
stress) along with a pSBAA ZI polymer to impart the hydro-
gel with flexible and stretchable properties via ionic interactions.
Additionally, the interactions between the pAMPS and pSBAA,
as well as interactions within the pSBAA itself, are expected to
provide the ZI double-network with superior mechanical prop-
erties relative to those of other ZI system gels.[10] As shown
schematically in Figure S1, Supporting Information, individual
pAMPS and pSBAA hydrogels were prepared via the single-
scaffold network photopolymerization of AMPS and SBAA, re-
spectively, while the two-step photopolymerization process was
performed to obtain the neutral pAMPS/pSBAA-N ZI double-
network hydrogels. In the latter procedure, the pAMPS hydro-
gel was first fabricated by photopolymerization between two glass
plates to form the first scaffold network. This was then immersed
in a precursor solution comprising the SBAA monomer, N,N’-
methylenebis(acrylamide) (MBAA) crosslinker, and 2-oxoglutaric
acid (2-OA) initiator. During immersion, the notable swelling ca-
pacity of the pAMPS hydrogel facilitated the rapid diffusion of
these precursors into the hydrogel, thus resulting in significant
volumetric swelling. Subsequent UV irradiation then leads to the
formation of a pSBAA network within the pre-existing pAMPS
network. The successful fabrication of the pAMPS/pSBAA-N
hydrogel is demonstrated by the Fourier transform infrared
(FTIR) spectra in Figure S2, Supporting Information. Here, the
pAMPS/pSBAA-N spectrum exhibits peaks at 1030 and 1486
cm−1 corresponding to the sulfonic acid (SO3

−) and quaternary
ammonium (N+R4) groups, respectively. Meanwhile, the FTIR
spectrum of the single pAMPS hydrogel exhibits peaks at 1486
cm−1 corresponding to the N+R4, and that of the single pSBAA
hydrogel exhibits peaks at 1030 and 1486 cm−1 corresponding to
the SO3

− and N+R4 groups, respectively.[10b,11]

In addition, the microstructural morphologies of the
pAMPS/pSBAA-N hydrogels are revealed by the scanning
electron microscope (SEM) images in Figure 2, while the mi-
crostructures of the single pAMPS and pSBAA hydrogels are
shown in Figure 2a–d. Thus, the single pAMPS hydrogel exhibits
interconnected porous scaffold structures, with an average pore
size of ≈20 μm. This can be attributed to chemical cross-linking
within the single network and can be expected to increase the
mechanical brittleness and rigidity of the hydrogel structure.[12]

By contrast, the single pSBAA hydrogel (Figure 2c,d) exhibits

a more robust aggregation of polymer chains, with a larger
average pore size of around 100 μm, due to the strong ionic
interactions between the ZI polymer chains. As a result, the
ZI hydrogel is expected to exhibit greater ductility, flexibility,
and stretchability.[13] Meanwhile, as shown in Figure 2e,f, the
pAMPS/pSBAA-N hydrogel combines the distinct properties
of the two individual polymers to provide a denser structure
with only a limited number of pores. Moreover, the presence of
wrinkle structures indicates molecular entanglement between
the pAMPS and pSBAA chains. This densely packed structural
arrangement is expected to play a crucial role in providing the
as-fabricated material with outstanding mechanical properties.
Previous studies have suggested[14] that the dense microstruc-
ture observed in double-network hydrogels can significantly
influence ion transport. The close packing of polymer chains
and intermolecular interactions within the hydrogel matrix may
enhance ion vibrational dynamics, thereby facilitating more
efficient ion transport.

The mechanical properties of the stretchable pAMPS/pSBAA-
N hydrogel are demonstrated in Figure 3a, where the ability
of the material to undergo stretching, bending, knotting, and
adhesion is shown photographically. As a further demonstra-
tion, the thermal rheological properties of the pAMPS/pSBAA-
N and single pSBAA hydrogels are shown in Figure S3, Sup-
porting Information. Here, the dynamic storage modulus (G′)
of each hydrogel is consistently larger than its loss modulus
(G″) throughout the temperature range of 20–50 °C, thereby
indicating that both hydrogels exhibit a stable quasi-solid be-
havior, rather than transforming to a liquid-like state, in re-
sponse to temperature fluctuations.[15] It should also be noted
that the G′ values of the pAMPS/pSBAA-N hydrogel exceed those
of the pSBAA hydrogel at each temperature, thereby confirm-
ing the enhanced tensile properties of the ZI double-network
hydrogel. The mechanical response of the pAMPS/pSBAA hy-
drogels to varying pH environments is revealed by the stress–
strain curves in Figure 3b,c. Here, the pAMPS/pSBAA-N hy-
drogel exhibits a high tensile strength of 470.3 kPa, along with
an elongation of 106.6% at the breaking point. However, when
the pH is either increased or decreased, the tensile strength de-
creases, while the elongation at the breaking point increases.
Thus, after immersion in an acidic solution (pH 1), a tensile
stress of 167.4 kPa and a breaking elongation of 157% are
obtained, while immersion at pH 14 leads to a tensile stress of
228.3 kPa and a breaking elongation of 156%. The mechanisms
behind these variations in tensile strength and breaking elonga-
tion are shown schematically in Figure 3d. Thus, immersion of
the hydrogel in solutions of pH 1 or 14 disrupts the ionic in-
teractions, as both cations (Na+ and H+) and anions (OH− and
Cl−) interfere with the ionic bonding, thereby resulting in the
relaxation of the polymer chains.[16] As a result, the mechanical
properties of the hydrogels are significantly affected by altering
the pH.

The impact of different temperatures (25–35 °C) on the
nanostructure of the pAMPS/pSBAA-N hydrogel, as well as
pAMPS/pSBAA-1 and pAMPS/pSBAA-14, is elucidated through
small-angle X-ray scattering (SAXS) scattering curves and the
corresponding fitting outcomes are presented in Figure 4a and
Figure S4, Supporting Information. The numerical findings are
summarized in Table 1. In this technique, the Beaucage unified
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Figure 2. Cross-sectional SEM images of the lyophilized hydrogels: a) Microstructure of the pAMPS hydrogels and b) higher magnification detail of
the pAMPS hydrogels. c) Microstructure of the pSBAA hydrogels and d) higher magnification detail of the pSBAA hydrogels. e) Microstructure of the
pAMPS/pSBAA-N hydrogels and f) higher magnification detail of the pAMPS/pSBAA-N hydrogels.

equation is used to provide a versatile framework for modeling
the scattering behaviors of a wide range of polymer structures
including random coils, semi-flexible polymers, and various
types of aggregates.[17] Furthermore, this approach allows for the
in-depth characterization of the multi-level structure of the hy-

Table 1. Fitting parameters of the three-level Beaucage Model applied to
SAXS data extracted from hydrogel samples.

Sample Rg1

[Å]

P1

[−]

Rg2

[Å]

P2

[−]

Rg3

[Å]

P3

[−]

pAMPS/pSBAA-N at 25 °C 1176 4 90 2 6.8 1

pAMPS/pSBAA-N at 30 °C 1041 4 72 2 6.4 1

pAMPS/pSBAA-N at 35 °C 1030 4 70 2 6.4 1

pAMPS/pSBAA-1a) 823 4 70 2 5.5 1

pAMPS/pSBAA-14a) 862 4 57 2 6 1.5
a)

At 25 °C.

drogels and the various degrees of aggregation within the ma-
terial by describing the number of unrestricted and interdepen-
dent structural levels therein. Thus, the Beaucage equation is pre-
sented here as Equation (1)

I (q) ≅ Ibkg +
N∑

i = 1

⎧⎪⎪⎨⎪⎪⎩
Gi exp

(
−

q2R2
gi

3

)
+ Bi exp

(
−

q2R2
g(i+1)

3

)
×
⎧⎪⎨⎪⎩
[
erf

(
qRgi√

6

)]3

q

⎫⎪⎬⎪⎭
Pi
⎫⎪⎪⎬⎪⎪⎭

(1)

where Gi is the Guinier pre-exponential factor, Bi is the power
law pre-exponential factor, Rgi is the radius of gyration, Pi is the
fractal dimension, and the subscript i is associated with differ-
ent levels of structural organization. Thus, i = 1 corresponds to
the global structure, while i = 2 and i = 3 indicate local struc-
tures. Note that Bi is a constant prefactor specific to the type
of power-law scattering observed as determined by the regime
in which Pi falls which is dependent on the specific type of
stepped law observed in a given section of the scattering curve.
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Figure 3. a) Photographic depiction of pAMPS/pSBAA-N hydrogel under different conditions: stretching, bending, knotting, and adhering. b) Ten-
sile stress–strain curve under pH 1 to 5 conditions for pAMPS/pSBAA-X hydrogels. c) Tensile stress–strain curve under pH 10 to 14 conditions for
pAMPS/pSBAA-X hydrogels. d) Schematics elucidating the interactions within the pAMPS/pSBAA-X polymer matrix involving cations and anions. The
immersion in the varying pH solutions leads to the disruption of the ionic interactions, as both cations (Na+ or H+) and anions (OH− or Cl−) interfere
with the established ionic bonding.

Thus, the unified fitting approach reveals the following three
structural levels: 1) aggregates (q = 0.002–0.004 Å−1), 2) clusters
(q = 0.01–0.08 Å−1), and 3) the primary structure of the poly-
mer chains (q > 0.1 Å−1). Remarkably, the same type of scattering
curve is observed for the double-network hydrogel under all con-
ditions of temperature and pH, with the power law fit indicating
the following three fractal dimension regimes: i) P1 = 4 in level 1,
indicating a rougher fractal-like surface, ii) P2 = 2 in level 2, which
suggests that the building blocks assume the form of Gaussian
coils, and iii) P3 = 1 in level 3, thereby indicating that the pri-
mary structure consists of rod-like monomers.[18] However, the
radii of gyration are not the same under all conditions. For in-
stance, the Guinier fitting of the pAMPS/pSBAA-N hydrogel at
25 °C gives Rg1 = 1176 Å for the aggregates (level 1), Rg2 = 90 Å
for the clusters (level 2), and Rg3 = 6.8 Å for the primary polymeric
structure (level 3). The Rg1 and Rg2 values under other conditions
of temperature and pH are discussed in later paragraphs. Mean-
while, taking the power law and Guinier fitting results together,
the three-level structure of the pAMPS/pSBAA-N hydrogel at 25
°C can be explained as shown schematically in Figure 4b. Thus,
at level 3, the polymer segments adopt a rod-like structure, po-
tentially indicating the presence of a crosslinked network.[19] At
level 2, however, the building blocks can be envisioned as blobs
containing the polymer chains, while, at level 1, the global net-
work structure arises from the interconnection of these blobs via
polymer aggregation.

However, while the same structural levels are observed when
the temperature is increased from 25 to 30 and 35 °C, the Rg1

value decreases from 1176 to 1041 and 1030 Å, respectively
(Table 1). Similarly, the Rg2 value decreases from 90 to 72 and
70 Å, respectively, with the same increase in temperature. This
can be attributed to the thermosensitive nature of the ZI poly-
mer, as indicated by the presence of an upper critical solution
temperature (UCST) within its phase diagram.[20] Thus, at tem-
peratures below the UCST, the ZI polymer adopts a contracted
state, thereby leading to the formation of large, dense aggregates.
As the temperature rises above the UCST, however, the polymer
undergoes a higher degree of swelling due to the diffusion of
more water, which in turn causes the aggregates to disperse into
smaller particles. Meanwhile, at a fixed temperature of 25 °C, the
Rg1 decreases from 1176 Å at neutral to 823 and 862 Å at pH 1
and 14, respectively. Similarly, the Rg2 value decreases from 90 Å
at neutral to 70 and 57 Å at pH 1 and 14, respectively, at the same
temperature. This can be attributed to the chaotropic natures of
the various pH environments, such that the introduced ions (H+

or OH−) might disrupt the intermolecular interactions within the
aggregates, thus resulting in the reduction of both the Rg1 and
Rg2.[21] This interpretation is consistent with the above analysis of
the mechanical properties and explains the differential swelling
behavior of the hydrogel according to the pH. Notably, the vari-
ation in Rg1 and Rg2 according to the pH of the environment is
more substantial than the variation according to temperature.
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Figure 4. a) SAXS patterns of the pAMPS/pSBAA-N hydrogels under varying temperatures, along with pAMPS/pSBAA-1 and pAMPS/pSBAA-14 hydro-
gels at 25 °C. b) Schematic diagram portraying the nanostructure of pAMPS/pSBAA-N hydrogel according to the Beaucage Model, illustrating cluster
formation through polymer chain aggregation via local segmental association. c) TEM images of pAMPS/pSBAA-N at different magnifications.

The above SAXS results are supported by the transmis-
sion electron microscope (TEM) images in Figure 4c.[22] Here,
the low-magnification image reveals the fractal surface of the
pAMPS/pSBAA-N at 25 °C, while the higher-magnification im-
age reveals the clusters that form the fractal aggregates. Notably,
both SAXS and TEM analyses indicate a particle size of around 90
Å. Hence, the TEM analysis confirms the accuracy of the SAXS
fit results. Thus, the SAXS analysis of the pAMPS/pSBAA-N hy-
drogel has revealed a three-level hierarchical structure character-
ized by distinct power-law behaviors. The combination of TEM
and SAXS has enabled the precise determination of the struc-
tural components of the hydrogel, including surface fractal ag-
gregates and coil-like clusters, each supported by their respective
power law exponents and radii of gyration, except for the rod-like
monomers, which the instrument is restricted from measuring.
Moreover, the observed decrease in Rg1 and Rg2 with increasing
temperature demonstrates the inherent thermosensitive proper-
ties of the ZI polymers, while the variation in Rg1 and Rg2 accord-
ing to the pH of the environment indicates that the chaotropic
effect exerts a more substantial impact. Hence, the SAXS results
underscore the pH sensitivity of the pAMPS/pSBAA-X hydro-
gels, thereby contributing to a more comprehensive understand-
ing of the hydrogel structures.

The thermoelectric properties of the as-fabricated ZI hydro-
gel electrolyte under varying pH environments are revealed in

Figure 5. The ionic Seebeck coefficient (Si) values of the hydro-
gels were evaluated in the vertical direction by using a customized
experimental setup. In this configuration, a controlled tempera-
ture gradient (ΔT) was applied to the two ends of the hydrogel,
thereby generating a thermovoltage (ΔV). The Si was then deter-
mined from the slope of the linear relationship between ΔV and
ΔT in Equation (2)

si = −ΔV
ΔT

= −
V
(
TH

)
− V

(
TC

)
TH − TC

(2)

where V(TH) is the voltage of the hot electrode at temperature
TH, and V(TC) is the voltage of the cold electrode at temperature
TC. Thus, in Figure 5a, negative Si values are observed within
the pH range of 1 to 3, with a maximum value of −32.6 mV
K−1 at pH 1, thereby indicating n-type behavior. At pH values
of 4 and 5, however, positive Si values are observed, thereby
indicating p-type behavior.[5h] Moreover, the p-type properties
are seen to continue with the further increase in pH, reaching
a maximum Si value of +31.7 mV K−1 at pH 14. Thus, a point
of transition is observed at pH = 4. The temporary change of
ΔV from pAMPS/pSBAA-1 and pAMPS/pSBAA-14 hydrogels
with supplied temperature differences is presented in Figure S5,
Supporting Information. The linear fittings of the ΔV versus ΔT
curves for the pAMPS/pSBAA-N are shown in Figure S6,
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Figure 5. Thermoelectric properties of pAMPS/pSBAA-N in varied pH solutions, demonstrating an increase in ΔV of the hydrogel as a function of ΔT
between the hot and cold electrodes: a) Bar chart depicting the Si in pH 1 to 14 solutions (n = 5), b) in pH 1 to 5 solutions, c) in pH 10 to 14 solutions.
d) Schematic illustration eluciting interatomic interactions between ions and polymers in pH 1 and 14 environments, respectively. Each data point
represents the mean ± SD. The p-value was determined by Student’s two-tailed t-test and statistical significance: ***p < 0.001.

Supporting Information, while the behavior of the
pAMPS/pSBAA-X hydrogels are depicted in Figure 5b,c.
The mechanism behind the pH-dependent behavior of the
pAMPS/pSBAA-X hydrogel is illustrated in Figure 5d, which
indicates the important role of the N+R4 and SO3

− functional
groups within the hydrogel. Thus, in a low pH environment
(pH 1), the reduced formation of SO3

− groups leads to the
predominance of positively charged N+R4 groups within the
polymer segments.[16] This, in turn, facilitates the preferential
transport of the Cl− ions from the HCl solution, thus leading
to the observed n-type behavior. In a high pH environment
(pH 14), however, the N+R4 groups can interact with the OH−

ions from the NaOH solution, thus allowing the formation of
negatively charged SO3

− groups within the polymer segments.
This, in turn, facilitates the transport of Na+ ions, thus giving
rise to the observed p-type behavior. The observed transition
in the thermoelectric characteristics of the pAMPS/pSBAA-X
hydrogels from n-type to p-type behavior at pH values of 4–5
can be explained in terms of the isoelectric point, which quan-
tifies the surface charge of a polymer. Thus, a change in pH
will induce a corresponding change in the surface charge of
the hydrogel, thereby altering the Zeta potential.[23] The Zeta
potential measurements in Figure S7, Supporting Information,
indicate that the isoelectric point of the hydrogel appears at pH

4–5, thereby confirming that the particles bear a positive charge
and exhibit n-type thermoelectric properties below pH 4, but
become negatively charged and exhibit p-type thermoelectric
behavior above pH 4.

The interactions between the polymer segments and ions
are further demonstrated by the FTIR results in Figure 6a,b.
Here, the characteristic FTIR peak of the R–N+ stretching vi-
bration in the N+R4 group exhibits a red shift from ≈1486
cm−1 for the pAMPS/pSBAA-N hydrogel to ≈1482 cm−1 for the
pAMPS/pSBAA-1, thereby indicating significantly altered inter-
actions between Cl− and the polymer segments. Similarly, the
peak due to the stretching vibration of the S═O bond within
the SO3

− group exhibits a redshift from ≈1046 cm−1 for the
pAMPS/pSBAA-N to ≈1043 cm−1 for the pAMPS/pSBAA-14,
which can be attributed to the interactions between SO3

− and
Na+. These results confirm that adjusting the pH can weaken
the interactions within the polymer, and are consistent with the
abovementioned transition in thermoelectric behavior. Further
evidence is provided by the XPS results in Figure 6c–f. Here,
the N1s spectrum of the pAMPS/pSBAA-N (Figure 6c) is de-
convoluted into two peaks at 402.2 and 399.9 eV due to the
N+R and ─NH groups, respectively.[24] Notably, the N+R4 peak
is seen to shift toward a lower binding energy of 401.35 eV for
the pAMPS/pSBAA-1 (Figure 6d), which can be attributed to

Small 2024, 20, 2311811 © 2024 Wiley-VCH GmbH2311811 (7 of 13)
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Figure 6. FTIR spectrum of pAMPS/pSBAA-N in different pH solutions: a) pAMPS/pSBAA-X at pH 1 to 5 hydrogels, b) pAMPS/pSBAA-X at pH 10
to 14 hydrogels, comparison of XPS N 1s peak: c) pAMPS/pSBAA-N hydrogels, d) pAMPS/pSBAA-1 hydrogels. Comparison of XPS O 1s peak: e)
pAMPS/pSBAA-N hydrogels, f) pAMPS/pSBAA-14 hydrogels.
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Figure 7. a) Nyquist plot of electrochemical impedance spectroscopy (EIS) for determining 𝜎i of pAMPS/pSBAA-X in different pH solutions. b) 𝜅 of
pAMPS/pSBAA-N, pAMPS/pSBAA-1 and pAMPS/pSBAA-14.

the interaction between N+R4 and Cl−. Similar changes are ob-
served in the O 1s spectra (Figure 6e,f). Thus, the O 1s spec-
trum of the pAMPS/pSBAA-N (Figure 6e) is deconvoluted into
three peaks at 530.7, 532.3, and 534.8 eV due to S═O, C═O, and
H2O, respectively.[25] Meanwhile, similar peaks are observed for
the pAMPS/pSBAA-14 (Figure 6f), but the S═O peak is shifted to-
ward a higher binding energy of 531.5 eV. This can be attributed
to the interactions between the S═O group and the Na+ ions.
These results are consistent with previous reports.[26]

The important parameters for the i-TE properties of the hy-
drogels at various pH values are demonstrated in Figure 7a,b,
and are summarized in Table 2. For instance, the ionic conduc-
tivity (𝜎i) values of the various hydrogels are revealed by the
AC impedance spectroscopy results in Figure 7a. Here, both the
pAMPS/pSBAA-1 and pAMPS/pSBAA-14 exhibit notable 𝜎i val-
ues of around 60 mS cm−1. Meanwhile, the thermal conductivity
(𝜅) is shown in Figure 7b, where all of the pAMPS/pSBAA-X hy-
drogels exhibit similar values of ≈0.5 W m−1 K−1. Based on these
results, the thermoelectric performance is further evaluated by
the dimensionless figure of merit (ZTi), which is calculated us-
ing Equation (3)

ZTi =
𝜎iSi

2T
K

(3)

where T is the absolute temperature. Thus, the pAMPS/pSBAA-
1 hydrogel is characterized as n-type, and displays excellent i-TE
characteristics, with a ZTi value of 3.8 (Table 2). Meanwhile, the
pAMPS/pSBAA-14 exhibits p-type behavior and also showcases
remarkable thermoelectric properties, with a ZTi value of 3.6.

To demonstrate this application, the pAMPS/pSBAA-1 and
pAMPS/pSBAA-14 hydrogels were incorporated into ITESC de-
vices, as shown schematically in Figure 8. As shown in Figure 8a,
the voltage profile of the pAMPS/pSBAA-1 hydrogel during one
thermal cycle can be divided into four distinct stages, which is
consistent with previous studies on ZI hydrogels.[6o] Thus, dur-
ing stage I, when a ∆T of 4 K is applied across the two elec-
trodes of the ITESC, Cl− anions accumulate on the cold side.
After 9 min, this results in a ∆V of 130 mV. During stage II,
upon connecting an external load of 60 kΩ to the device, the
∆V rapidly decreases due to charge screening via the external
circuit. As shown in Figure 8b, the voltage decay during this
stage decreases with the increase in external resistance, thus lead-
ing to an extended decay time. In stage III, when the external
load is disconnected, a negative open-circuit voltage arises. As
the ∆T dissipates, the accumulated cations and anions retreat
into the hydrogel, while the electrons and holes necessary for
charge balance remain at the two electrodes, thus leading to a

Table 2. i-TE properties of pAMPS/pSBAA hydrogels in various pH solutions.

Sample Si
[mV K−1]

𝜎i
[mS cm−1]

𝜅

[W m−1 K−1]
ZTi
[−]

pAMPS/pSBAA-1a) −32.6 ± 0.79 60 ± 1.03 0.5 ± 0.006 3.8 ± 0.25

pAMPS/pSBAA-2a) −24.2 ± 1.87 10 ± 0.91 – –

pAMPS/pSBAA-3a) −12.4 ± 0.43 4 ± 0.23 – –

pAMPS/pSBAA-4b) 4 ± 0.31 2 ± 0.52 – –

pAMPS/pSBAA-5b) 3.4 ± 0.39 1.5 ± 0.51 – –

pAMPS/pSBAA-Nb) 3 ± 0.2 4.5 ± 0.64 0.5 ± 0.01 0.002 ± 0.001

pAMPS/pSBAA-10b) 3.5 ± 0.2 3 ± 0.93 – –

pAMPS/pSBAA-11b) 5.1 ± 0.41 1 ± 0.13 – –

pAMPS/pSBAA-12b) 10.5 ± 0.39 1.6 ± 0.35 – –

pAMPS/pSBAA-13b) 16.4 ± 1.05 33 ± 0.54 – –

pAMPS/pSBAA-14b) 31.7 ± 0.39 60 ± 1.12 0.5 ± 0.006 3.6 ± 0.01
a)

n-type and b)p-type thermoelectric characteristics.
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Figure 8. Performance characterization of pAMPS/pSBAA-1 and pAMPS/pSBAA-14 ITESCs. For pAMPS/pSBAA-1: a) Variations in ∆V and ∆T throughout
the four-stage profile (with ∆T of 4 K), b) decay curves of ∆V on external loads with varying resistances connected to the ITESC, c) average power density
supplied by the ITESCs during stage II and stage IV at the different resistances of the external load. For pAMPS/pSBAA-14: d) Variations in ∆V and ∆T
throughout the four-stage profile (with ∆T of 4 K), e) decay curves of ∆V on external loads with varying resistances connected to the ITESC, f) average
power density supplied by the ITESCs during stage II and stage IV at the different resistances of the external load.

corresponding change in the ∆V of approximately −130 mV. In
stage IV, upon reconnecting the external load, the previously gen-
erated ∆V drops to nearly zero, corresponding to the discharge of
the ITESC. The voltage profile of the pAMPS/pSBAA-14 hydro-
gel is depicted in Figure 8d, and the result is consistent with that
of the pAMPS/pSBAA-1. Various tests were conducted on the as-
fabricated ITESCs, and the average power density of the external
load was calculated by using Equation (4)

P = E∕Δt (4)

where E is the energy density. This, in turn, is calculated using
Equation (5)

E = ∫ V2dt∕AR (5)

where V is the voltage across the external load, R is the resistance,
A is the cross-sectional area of the electrode, dt is the charging
time, and ∆t is the total duration of stage II in one thermal cy-
cle. The power densities of the as-fabricated ITESC devices under
various external loads are indicated in Figure 8c.[6m] These results
indicate that the maximum average power densities are obtained
at an optimal external resistance of around 60 kΩ. Thus, the
maximum average power density of the n-type pAMPS/pSBAA-1
hydrogel-based ITESC device is 1.8 mW m−2 at 60 kΩ, while that
of the p-type pAMPS/pSBAA-14 hydrogel-based device is 0.9 mW
m−2 under the same external load (Figure 8f).

Finally, the potential application of the as-fabricated hydrogel
as a wearable pH sensor is demonstrated in Figure 9. The de-
vice uses foam nickel electrodes for the hot and cold sides, with
the hydrogel securely positioned in between. A 2 × 2 mm2 ori-
fice is created in the foam nickel on the cold side to facilitate the
introduction of acidic solutions. The theoretical voltages can be
calculated by Si (pAMPS/pSBAA-X) multiplying the ∆T. By judg-
ing from the ∆V, the pH value of hydrogels can be detected. As
shown in Figure 9, after adding an acidic solution (pH 1) and
maintaining a ∆T of 6 °C for 10 min, the ∆V is seen to have in-
creased to 162.2 mV (ideal ∆V: 195.6 mV). The slight decrease
in ∆V may be attributed to electrode and skin interaction, or the
use of different types of electrodes. However, despite this devia-
tion, the performance remains comparable to that of previously
reported polymer-based ITESC devices.[27]

The present work offers a straightforward method for produc-
ing wearable pH-sensing and thermoelectric devices, which hold
great potential for further development. Wearable pH sensors en-
able real-time pH level monitoring, providing insights into phys-
iology and the environment, and aiding in health condition diag-
nosis. Their development promises advancements in healthcare,
environmental monitoring, and scientific research.

3. Conclusion

Herein, a pH-responsive double-network hydrogel was fabri-
cated from the negatively charged AMPS and the ZI SBAA.
Due to its compact structural configuration, the as-fabricated
pAMPS/pSBAA-N hydrogel displayed excellent mechanical

Small 2024, 20, 2311811 © 2024 Wiley-VCH GmbH2311811 (10 of 13)
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Figure 9. a) Illustration of the wearable device positioned on the wrist, accompanied by the thermal voltage resulting from the temperature difference
between the human skin and the ambient environment (∆T ≈ 6 °C). b) Dropping of a pH 1 solution into the device orifice after 10 min. c) Thermal
image depicting the temperature distribution across the pAMPS/pSBAA-1 wearable device.

properties, including a tensile strength of 470.3 kPa and an
elongation at breaking point of 106.6%. Furthermore, the pH-
dependent thermoelectric behavior of the hydrogel was indicated
by ionic Seebeck coefficients of −32.6 and +31.7 mV K−1 at pH
1 and 14, thereby indicating n-type and p-type behavior, respec-
tively. The switch from p-type to n-type behavior occurred at
around pH 4–5, and this was consistent with the isoelectric point
of the hydrogel, as determined by zeta potential measurements.
After immersion in acidic (pH 1) and alkaline (pH14) solutions,
both the n-type pAMPS/pSBAA-1 and the p-type pAMPS/pSBAA-
14 hydrogels exhibited remarkable ionic conductivity of ≈60 mS
cm−1 along with outstanding thermoelectric characteristics, as re-
flected by their power density values 1.8 and 0.9 mW m−2, along
with figure-of-merit (ZTi) values of 3.8 and 3.6, respectively. Fi-
nally, potential applications of these pH-responsive hydrogels in
ITESCs and wearable pH sensing devices were demonstrated.
This work underscores the promise of these innovative ZI hydro-
gels, offering facile modulation of the ZI properties and afford-
ing bipolar thermoelectric properties suitable for a wide range of
energy-related applications.

4. Experimental Section
Synthesis of the pAMPS/pSBAA-N ZI Double Network Hydrogels: The

synthesis of the pAMPS/pSBAA-N double network hydrogels followed a
previously established protocol.[28] In brief, a precursor solution was pre-
pared by dissolving 1 m of AMPS monomer, 4 mol% MBAA, and 0.1 mol%
2-OA in 10 mL of deionized water. This precursor solution was subjected
to nitrogen degassing in the absence of light for a duration of 10 min.
Subsequently, the degassed solution was cast into a mold, which was con-
structed using two glass plates separated by spacers. This mold yielded
hydrogel sheets with variable thickness, ranging from 0.5 to 3 mm. The
entire assembly was then exposed to UV-LED light (𝜆 = 365 nm, 100 mW
cm−2) for a duration of 20 min under a nitrogen-protected environment.
Following this photocrosslinking step, the resulting AMPS hydrogels were
extracted from the mold and immersed in an SBAA monomer solution.
This SBAA monomer solution was composed of a 4 m SBAA monomer,
0.02 mol% MBAA, and 0.01 mol% 2-OA. The immersion was conducted
under complete darkness for a period of 3 days. After the swelling of the
pAMPS hydrogels in the SBAA monomer solution, they were placed be-
tween two glass plates and subsequently exposed to UV-LED light (in a
nitrogen environment for 20 min). Upon removal from the glass plates,
the resulting double network hydrogels were immersed in deionized wa-
ter for a duration of 3 days, with regular replacement of the water every
12 h. For the preparation of the pAMPS and pSBAA hydrogels, the same
formulation as described above was used. However, these single-network

hydrogels did not undergo the second polymerization step. In this study, it
is important to note that pAMPS/pSBAA-N denotes the nomenclature for
the ZI (interpenetrating network) hydrogel, whereas pSBAA and pAMPS
represent single-network hydrogels.

Fabrication and Measurement of the ITESC: The polyelectrolytes for the
ITESCs were prepared by immersing the pAMPS/pSBAA-N hydrogels in
distinct pH solutions, utilizing deionized water as the solvent. A pH range
spanning from ≈1 to 14 was established through the addition of either
hydrochloric acid (HCl) or sodium hydroxide (NaOH). Multiple immer-
sions were carried out to ensure complete solute replacement until the
pH of the hydrogel matched that of the target solution. This process in-
volved continuous pH monitoring using a pH meter (Eutech AIDI-pH510).
Here, the nomenclature pAMPS/pSBAA-X represents the pAMPS/pSBAA-
N hydrogel immersed in solutions with varying pH values. For instance,
“pAMPS/pSBAA-1” corresponds to immersion in a pH 1 solution.

The Seebeck coefficient (Si) of the pAMPS/pSBAA hydrogel was as-
sessed within a custom-designed experimental setup maintained at 80%
relative humidity. Two platinum (Pt) electrodes, each measuring 1.5 × 1.5
cm2, were securely affixed to the upper and lower surfaces of the two end
stages of the TCCs. The temperature gradient (∆T) across the TCCs was
controlled as follows: the temperature in the hot section, regulated within
the range of 25 to 30 °C, was meticulously managed using a customized
temperature controller. In contrast, the temperature in the cold section
was held constant at 25 °C through the use of a water bath. Tempera-
ture measurements were carried out with the placement of two thermo-
couples situated between the Pt electrode and the hydrogel. Data acquisi-
tion was facilitated through a specialized temperature recording system.
Voltage differences under each ∆T were recorded using a Keithley 2400A
sourcemeter. To determine the Si, a linear regression analysis was per-
formed on 5 to 6 data points. Furthermore, the Si value for pAMPS/pSBAA-
X hydrogel was calculated based on data collected from five identically fab-
ricated devices.

Statistical Analysis: The experimental result was expressed as
mean ± SD at which the SD was indicated by error bars in the figures.
The samples used for the determination of Si, 𝜎i, and 𝜅 at each variation
of pAMPS/pSBAA-X were n = 5. The SD of ZTi was determined using the
propagation of error approach. All the statistical analysis was carried out
using Microsoft Excel and Origin software. Each data point represents
the mean ± SD. The p-value was determined by Student’s two-tailed t-test
and statistical significance: ***p < 0.001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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