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lonic thermoelectrics (i-TEs) demonstrate immense application potential in
such fields as wearables and low-grade energy harvesting. Though adequate
moisture absorption is required to facilitate ion dissociation in i-TEs, the
impact of moisture gradient has been overlooked. Herein, we demonstrate a
moisture-gradient-enhanced ionic thermoelectric generator (MGITG) driven
by both moisture and temperature gradients. The MGITG exhibits an ionic
thermopower of 34.02 mV K%, a high open-circuit voltage of 644.19 mV, and an
ultrahigh 1 h output energy density of 917.54 ) m*. We attribute the enhanced
performance to fast and selective ion transport driven by coupled heat and
moisture transfer. As a proof of concept, this material enabled the develop-
ment of wearables capable of monitoring motion and respiration, as well as
robotic systems equipped with synchronous environmental and tactile sen-
sing. This work holds promise in the design of high-sensitivity, multifunctional,
and high-energy-density i-TEs, facilitating their applications in robotic touch

and wearables.

The thermoelectric conversion plays a crucial role in human society, as
it not only enables the collection of widely available low-grade heat
energy for power generation'? but also serves as a basic principle of
sensors’. lonic thermoelectrics (i-TEs) have garnered significant
attention due to their inherent flexibility and notable high thermo-
power (or Seebeck coefficient)’. Recent advancements in i-TEs have
significantly enhanced their thermoelectric performance, encom-
passing the thermopower*®, energy density’®, among other para-
meters. However, limited by the capacitor mode, the energy density of
i-TEs driven by the Soret effect is still much lower than that of i-TEs
driven by the thermogalvanic effect’. Apart from its demonstrated
potential in thermoelectric conversion®, i-TEs hold promise for
applications in wearables"” and robotic touch™. This is due to the ion
transport in ion conductors affected by multiple factors such as
temperature™'* and mechanical stress™'®. The output signals of i-TEs-
based sensors indicate temperature and stress variations"”. However,
effective humidity detection methods for i-TEs remain unexplored.
Humidity is a crucial component of biological perception, and sensing
environmental humidity is one of the key challenges in intelligent
sensing technology’. The development of humidity-sensitive, high-

energy-density i-TEs will significantly contribute to the advancement
of multifunctional, highly sensitive, and self-powered micro-sensors”.

Most high-performance i-TEs rely on the high-humidity environ-
ment because moisture uptake facilitates ion solvation and causes the
network to swell, resulting in faster ion diffusion®®. The thermopower
of the same material may vary several times in dry or humid
environments?®. Despite the existing research on i-TEs having empha-
sized the control of humidity**?, harvesting energy from the moisture
gradient’ has been overlooked. Moisture-enabled electric generators
(MEGs) harvest electricity through ubiquitous atmospheric moisture.
A common type of MEGs is to utilize asymmetric ion movement under
moisture’*. However, existing MEGs rarely consider the thermo-
diffusion of ions. Considering similar ion transport characteristics, it
is necessary to study the energy conversion in i-TEs from a broader
perspective”. Compared to high-humidity environments, the design of
the moisture gradient will endow i-TEs with more capabilities, helping
them to break through the existing bottlenecks in thermoelectric
performance.

From the view of the governing equation of i-TEs, the induced
electric field is established due to the ion concentration gradient and
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temperature gradient within the ion conductor. The thermopower is
closely related to parameters such as ion diffusion coefficients and
Eastman entropy?. Classical governing equations do not take into
account the influence of convective terms?. If the moisture diffusion is
considered, it would generate new increments in the thermopower
and induced potential’®. Therefore, the synergetic utilization of tem-
perature and moisture gradients is an ideal strategy for i-TEs. However,
it remains a challenging problem to identify materials that are both
excellent MEGs and ionic thermoelectric generators (i-TEGs), as well as
to design devices that can couple the temperature gradient with the
moisture gradient.
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Fig. 1| Concept and thermoelectric performance of the MGITG. a The coupling
relationship among moisture diffusion, heat transfer, and ionic flow. Steam
represents an abundant resource in both natural environments and industrial
processes. The coupled transport of moisture and thermal energy, mediated by ion
flux, enables highly efficient energy conversion. b The concept of moisture-
gradient-enhanced i-TEs. The temperature gradient, moisture gradient, and selec-
tive ion transport act like three interlocking gears, with thermal-enhanced moisture
diffusion creating synergistic effects that significantly improve the thermopower of
i-TEs. ¢ A photograph of the PEDOT:PSS/PVA/CsClI film. d Comparison of ion

Herein, we proposed a moisture-gradient-enhanced ionic ther-
moelectric generator (MGITG), which utilizes the moisture gradient to
enhance the performance of i-TEs (Fig. 1a). The MGITG can produce a
high thermopower of 34.02 mV K™, a stable open-circuit voltage (Vo)
of up to 644.19 mV, and a high energy density of 917.54 ) m™ at relative
humidity (RH) of 90% and a temperature difference (AT) of 8 K. The V.
and energy density are more than ten times that of most reported
i-TEs®. Compared to high-humidity environments, the thermopower
has increased by nearly 5 times, and the energy density has increased
by an order of magnitude. We propose a “n”-type series connection of
pure p-type MGITG. The scalable integration of flexible and tailorable
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transport in the MGITG under different conditions, including low humidity, high
humidity, and moisture gradient. While dry conditions immobilize ions as pairs and
uniform humidity enables cation migration without H* gradient effects, moisture
gradients drive cations (including H") diffusion through microchannels. The MGITG
uniquely couples thermal and moisture gradients for enhanced ion transport
beyond conventional i-TEs. e A schematic diagram of the device structure. f The V.
of the MGITG under 8 K and different RH conditions. g The thermopower of the
MGITG under different RH conditions. Error bars in (g, h) were calculated using the
standard deviation of the measured data.
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MGITG can generate a voltage output above 5V using exhaled breath
(8-segment series). The MGITG possesses the ability to detect tem-
perature, humidity, and stress, making it applicable for use in wearable
devices and robots. The MGITG paves the way for high-sensitivity and
high-energy-density i-TEs, and the utilization of the moisture gradient
will elevate the performance of i-TEG to the next level.

Results

Design and characterization of the MGITG

Temperature and humidity are interconnected, and humid heat in the
form of steam and vapor is ubiquitous. This implies that heat con-
duction is often accompanied by moisture diffusion (Fig. 1a). The
existing governing equations for i-TEs simplistically account for the
influence of RH as a change in the ionic diffusion coefficient, without
considering the moisture diffusion, thereby neglecting the convective
term in the governing equations. Considering the moisture diffusion
simultaneously controlled by both temperature and moisture gra-
dients, the flux of water molecules can be quantified by ;o= —
(Dun & + Dy 9%) where Dy and Dy are the diffusion coefficients
driven by moisture gradient and the humidity-temperature interac-
tion, respectively. T and H are the temperature and humidity. Since
cations and anions in i-TEs have different temperature dependence of
the free energy (Eastman entropy S}.), we derived the expressions for
thermopower and V, in the MGITG under the enhancement of the
moisture gradient, as (see details in Supplementary A)

;DS kT Dy
« YiDigien;  Fiy, >iDigien;

where ', D, n, g, e and kg are the thermopower, diffusion coefficient,
concentration of carriers, charge quantity, electron charge, and
Boltzmann constant. The subscript “i” indicates the i kind of ions, “td”
indicateds the thermodiffusion, and F;, is the ion-water interaction
factor, whose physical interpretation is the average hydration number
per ion. The first term is for the thermopower of i-TEs, without
considering the moisture gradient, i.e., Dy = 0. When considering the
coupled diffusion of moisture and heat, an additional coupling term is
introduced to the thermopower.
Similarly, the expression for the V. (U) can be derived,

@
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where the first term is temperature dependent and the second term
(including Dyy) is dependent on moisture gradient. The second term is
independent of temperature, so it does not contribute to the ther-
mopower. This model comprehensively considers the directional-
hydration-induced ion concentration difference and the Soret effect of
i-TEs. We can observe that the temperature gradient, moisture
gradient, and selective ion transport are like three interlocking gears
(Fig. 1b). Since the temperature gradient can enhance moisture
diffusion, the two have a synergistic effect, further enhancing the
thermoelectric performance of i-TEs.

To simultaneously achieve remarkable thermoelectric and hygro-
electric performance, poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) and polyvinyl alcohol (PVA) are employed since
they have good hygroscopicity and low thermal conductivity. Due to
the high content of PSS in commercial PEDOT:PSS solutions, PED-
OT:PSS is rich in hydrophilic functional groups (i.e., -SOsH)*°. Upon
exposure to a moist environment, the hydration of hygroscopic
materials triggers the dissociation of sulfonic acid groups, releasing
abundant H* ions. The resulting concentration gradient drives the
directional diffusion of these protons, further facilitated by continuous
moisture flow, thereby establishing an electric potential between the
electrodes and generating a stable voltage output™. The unique

structure of PEDOT:PSS (comprising PEDOT-rich and PSS-rich domains)
forms nanochannels that facilitate efficient water uptake while estab-
lishing continuous percolation pathways. PVA forms interpenetrating
hydrogen bonds with PSS chains, enhancing the mechanical properties
and flexibility of PEDOT:PSS. This effectively reduces phase separation
risk and enables conformal deformation to maintain persistent elec-
trode contact under thermal cycling. Although PSS chains readily bind
with certain cations (Cu*, Ni**, or In*), leading to anion-dominated
diffusion in such cases™*, the PEDOT:PSS/CsCl composite maintains
p-type thermopower. The incorporation of PVA further facilitates Cs*
ion transport, due to the weak interactions between the oxygen atoms
of the hydroxyl groups and Cs" ions*. The polymer network of PED-
OT:PSS-PVA s critical for facilitating the dissociation of H* ions when
absorbing moisture and also provides an appropriate pathway for
cation diffusion. However, the change in entropy of H' ions is low
compared to other metal ions. The thermopower of i-TEs, with H* ions
as the main charge carriers, is usually not high®. Compared to H* ions,
Cs" ions exhibit higher Eastman entropy, leading to greater thermal
mobility of ions. They are also disruptors of local water structures
(hydrogen bonds), thereby inhibiting anion transport®. Water micro-
channels significantly enhance Cs® ion migration by facilitating CsCl
dissociation under high humidity, thereby strengthening the ionic
concentration gradient. As a result, the addition of cesium chloride
(CsCl) introduced a large number of free Cs* ions, thus improving the
positive thermopower of the MGITG.

The MGITG is composed of PEDOT:PSS, PVA, and CsCl (abbre-
viated as PEDOT:PSS-PVA-CsCl). A free-standing film was formed after
drying, as shown in Fig. 1c. Figure S1 illustrates the entire material
preparation process. The electricity-generating film exhibits excellent
mechanical properties, allowing it to be stretched and bent (Figs. S2
and S3). From the scanning electron microscope (SEM) images
(Fig. S4), it can be observed that the surface of the film after humidity
treatment exhibits more wrinkles or microscopic pores, indicating the
formation of micro water channels. The functional groups of the
MGITG were identified using Fourier Transform Infrared (FTIR) spec-
troscopy (Fig. S5). The spectral range from 1030 to 1200 cm™ includes
the peak of C-O-C and S=0. The stretching vibrational band of S=0
indicates the introduction of sulfonic acid groups®. Using differential
scanning calorimetry (DSC) and the femtosecond laser time-domain
thermoreflectance (TDTR) method, the heat capacity and thermal
conductivity of the material were accurately measured, with detailed
results shown in Fig. S6. The relatively low thermal conductivity
(0.27 Wm™K™) is beneficial for maintaining a significant temperature
difference.

To achieve stable moisture diffusion within the MGITG, most of
the material is encapsulated with a thick polyimide (PI) tape, leaving
only one end as the hygroscopic area. Pl tapes exhibit excellent ther-
mal stability (up to 260 °C) and superior moisture resistance. Before
encapsulation, films are kept dry at 30% RH. In high-humidity envir-
onments, moisture will diffuse along the film. To clearly demonstrate
the advantages of the MGITG, we compared the establishment process
of the induced electric field under conditions of low humidity, high
humidity, and moisture gradient (Fig. 1d). Here is a detailed compar-
ison: (1) In low-humidity environments, ions are closely bound in the
form of ion pairs. It is difficult for ions to migrate between tightly
molecular chains, resulting in a very small V.. (2) In high-humidity
environments, ions dissociate and exhibit cation-dominated migra-
tion. The material absorbs water and swells, causing the polymer
chains to expand, which allows ions to have a higher diffusion coeffi-
cient, resulting in a higher V.. It is worth noting that although H" ions
also dissociate from PSS at this time, due to the absence of the H" ion
gradient, the moisture-induced voltage is not obvious. 3) In the case of
the moisture gradient, on the side where moisture is uptaken, ions
dissociate and diffuse towards the drier side along with the moisture.
Moisture diffusion leads to the formation of micro water channels
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where the ion diffusion coefficient is exceptionally high. At the same
time, the diffusion of H* ions generates a very high V.. Further, the
moisture diffusion is also regulated by the temperature gradient. The
classic i-TEs only rely on the Soret effect to drive the differential
motion of cations and anions under a temperature gradient. As for the
MGITG, it simultaneously achieves selective ion transport driven by
both temperature and moisture gradients.

To select suitable electrodes, we fully considered the capacitance
(Fig. S7) and hydrophilicity/hydrophobicity (Fig. S8) of different elec-
trodes. Using hydrophilic electrodes on the moisture-absorbing side
leads to the rapid absorption of moisture, causing excessive swelling.
Therefore, we use a hydrophobic-hydrophilic electrode combination.
The moisture-absorbing side uses a hydrophobic electrode (copper
foil) to prevent moisture accumulation, while the drying side uses a
hydrophilic electrode (hydrophilic carbon cloth after plasma treat-
ment). Although the sandwich structure provides a larger contact area,
the V,. test (Fig. S9) revealed that the moisture-induced voltage is
unstable. Therefore, the copper electrode is placed above the
moisture-absorbing side, and the carbon electrode is placed beneath
the dry side (Fig. 1e). This design allows the utilization of both in-plane
and out-of-plane moisture gradients, resulting in a more stable
moisture-induced voltage. In high-humidity environments, the voltage
stabilization time exceeds 8000 s, ensuring reliable thermoelectric
performance measurements. Repeated testing demonstrated that the
material maintained a voltage retention rate exceeding 75% after 4 h of
continuous operation under 90% RH. The MGITG exhibits a shelf life
exceeding 9 weeks with no observable voltage decay. The enhanced
stability originates from three key design aspects: (1) the optimized
electrode assembly, (2) robust encapsulation architecture, and (3)
minimized exposed surface area (-0.25 cm?).

The moisture gradient can significantly enhance the thermoelectric
performance of i-TEs, including V,., thermopower, energy density, and
so on. We conducted tests on the prepared MGITG under different
humidity conditions. Moisture gradient can significantly increase V.
because the diffusion of moisture significantly increases the rate of ion
directional diffusion, with H" ions being the most prominent. Figure 1f
displays the V,. of MGITG under different humidity conditions and
AT=8K.It can be observed that an increase in RH leads to a V. increase,
from 41.78 mV at 30% RH to 147.54mV at 90% RH. However, the
moisture gradient has a more significant impact. A direct comparison
between the V,, of high humidity and moisture gradient shows that the
voltage increased from 94.53 mV to 384.39 mV at 50% RH, which is a
307% increase. At 70% RH and 90% RH, the voltage enhancement due to
the moisture gradient is 327% and 337%, respectively. The maximum V.
of 644.19 mV was measured at 90% RH. It can be observed that even
small temperature changes lead to significant voltage changes. Figure 1g
displays the thermopower of the MGITG. It can be observed that the
moisture-gradient strategy is also very effective in enhancing the ther-
mopower. This is because the temperature difference also affects the
diffusion of moisture, and the ion-selective diffusion is enhanced under
the dual drive of temperature and moisture gradients. Taking the most
significant enhancement (90% RH) as an example, the thermopower
increased from 6.82 to 34.02mV K™, an increase of nearly 500%. This
data demonstrates that the MGITG is not just a simple superposition of
the MEG and i-TEG, but rather a synergistic effect of humidity and
temperature gradients. The moisture gradient strategy can compre-
hensively enhance the thermoelectric performance of i-TEs and endow
i-TEs with a rapid response capability to humidity.

Electrical performance of an MGITG unit

A systematic study was conducted on the composition and propor-
tions of the MGITG. The impact of different salt compositions on
thermoelectric performance is shown in Fig. 2a, with a constant mass
fraction of 33 wt% in the solid solution under A7=12 K and 90% RH. In
the absence of salt addition, the V,. of pure PEDOT:PSS and the

PEDOT:PSS-PVA mixture are 25.71mV and 157.01 mV, respectively.
After adding salt, the V,. increases several times. This is due to an
increase in mobile ions, as well as the enhanced hygroscopicity of the
material. Among these ion sources, CsCl exhibits the highest V,. of
613.11 mV. Other metal ions, such as Cu®*" and Li*, easily form ion
clusters with anions, thereby facilitating the diffusion of anions® and
causing the thermopower to shift towards negative values. After con-
firming the use of CsCl, the optimal addition ratio was investigated to
optimize the performance. The MGITG with CsCl mass fractions of 14%,
33%, 50%, and 60% in the solid were tested (Fig. 2b). At lower salt
contents, increasing the salt addition significantly enhances the V..
This can be attributed to the increase in mobile ions, at which point the
moisture absorption is excessive. However, after reaching 50%, further
increasing the salt ratio results in a slight decrease in V.. This can be
explained by the fact that the number of ions that moisture can dis-
sociate reaches its limit, while the continuously enhanced ion-ion
interactions hinder the transport of ions. A more detailed discussion
on this will be presented in the next section. Subsequent measure-
ments were conducted on MGITG with 50 wt% CsCl addition.

To further analyze the relationship between V,. and moisture, the
voltage curves under different humidity conditions were compared
and analyzed (Fig. 2c). The first 2500 s of the test measured the voltage
under 30% RH as the temperature difference was increased. The vol-
tage rises slowly and tends to stabilize around 25 mV. Subsequently,
the RH was rapidly increased in a constant temperature and humidity
chamber, while the temperature difference was kept constant. The
comparison found that the voltage curve corresponding to the
moisture gradient would rapidly increase at the beginning of the test
(approximately 1 min), which could be attributed to the rapid response
of mobile ions dissociated and transported with moisture diffusion.
Afterward, the effect of the temperature difference gradually became
more apparent. More mobile ions diffuse towards the low-temperature
end driven by the temperature difference. After 1000 s, the voltage
tends to stabilize. The stabilized voltages under different moisture
gradients are 384.39 mV (50% RH), 547.85 mV (70% RH), and 644.19 mV
(90% RH), respectively. Figure S10 shows the ionic conductivity of the
MGITG tested by electrochemical impedance spectroscopy (EIS) under
different RH. It can be observed that the increase in RH significantly
enhances the ionic conductivity. While the ionic conductivity of the
dry side (30% RH) remains constant at 4.79 pScm™, the ionic con-
ductivity on the moisture-absorbing side increases by an order of
magnitude (36.23 uS cm™ at 90% RH), indicating rapid unidirectional
ion diffusion within the material. There was no voltage surge phe-
nomenon in high-humidity environments. Their voltage eventually
stabilizes at a level not exceeding 150 mV.

To further elucidate the critical role of thermal gradients in the
MGITG, a comparative analysis of V,. with and without temperature
differences was essential. When the moisture gradient is maintained
constant, the impact of temperature difference on the V,. is analyzed
(Fig. 2d). When the temperature difference increases from 0 to 12K,
the Vo gradually rises from 432.97 to 786.51mV. It can be seen that
under a high moisture gradient, the sensitivity of V,. to temperature
also increases. At higher temperature differences, the contributions of
temperature and moisture gradients to V. are comparable. In con-
tinuous tests, the stable voltage at different temperatures is measured,
and the thermopower can be fitted (Fig. S11).

The energy density of i-TEG is generally limited by the charging
mode of capacitors, leading to a rapid decay in power. However,
moisture diffusion leads to continuous ion transport, which effectively
increases the sustained discharge capability. Figure 2e shows the vol-
tage curve of the MGITG over 3 charge-discharge cycles. The results
show that the voltage returns to a relatively high level after each cycle,
which is due to the continued migration of ions caused by the moisture
diffusion. Although the temperature-induced voltage is difficult to
maintain after multiple cycles, the moisture gradient still allows the

Nature Communications | (2025)16:11099


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66027-w

700 4

a c 700
800 4 600 RH90 —— RH90/30
600 RH70 —— RH70/30
700 1 I ~500{ ——RHS0 ——RHS50/30
500 I _ I 2 400 RH30
= z 600 - =
I > 30
E 4001 E 5004 2300
o I \o’ K} 20
)
£ 300 & 400 I 200 lz
o ° 100 1000 2000
>2(m- > 300+ o ,/ Yo
z 2001 S8
100 %
100 =4
0L—= 0 0
Q%% QAY’ &0\ \}0\ & {_C\ o 0.14 033 0.5 0.6 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
3 R . ;
& & & & & & Mass fraction of salt Time (s)
2 N
& & & @
S <
g
700
900 — — _
d e Ry, =10kQ R,,=10kQ R,,=10kQ
600 _— D —— ———————
800 + t q: . .
5004 1% discharge 2" discharge 3 discharge
—~
—_
z z
& 700 E 400
= o
& 2
k) £ 300
§ 600 §
200 + e
500 L Continuing
100 Current > 4pA
I 1 . .,m | - - - -1
400 T T 0 T T T T T T T T 1
0 4 8 12 0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Temperature Difference (K)
Time (s)
—— 50k 10T nergistic effec
5] | ok —— [ RH 90730 i Ot Work ‘
l 50 Gelatin/KCI/Fe(CN)6* ¥ i |
— 10k ‘: RH 90 800 M Gelati/KCI/Fe(CN)6**1"! '
1254 Sk
~ — 1k 30 ° ® PEONaOH
=100 g i 600 A PVDF-HFP/EMIM:DCA®)
£ = m MEG W SIO/EMIM:DCAH!
o 8 < " PSSH/GO!
& 75 g 10 ] E g imm;ss»\' 1 @ PVDF:HFPNaTFSI!'")
;o z e ° G'g/ /ONTE <« PVDF-HFP/EMIM:DCA/Na:DCA'®!
50 & « | Thermodiffusion effect
5 Ll
ol
254
| =
0 L T T T T 1
0 500 1000 1500 2000 2500 3000 3500 0 200 400 600 800 100

Time (s)

Fig. 2 | Thermoelectric performance of an MGITG unit. a The V, of different
compositions under AT=12K and 90% RH. b The V, of different mass fraction of
CsCl. ¢ Voltage-time curves under different humidity conditions. d The V, corre-
sponding to variable temperature difference at 90% RH. The term “temperature
difference” represents an absolute value. e Charge and discharge cycles while

Energy density (J/m?)

maintaining a constant temperature difference 8 K and 90% RH. f Discharge curves
of the MGITG under different external loads. g Comparison of energy density under
different humidity and load conditions. h A performance comparison of the typical
i-TEGs reported under AT <10 K"*¢810313943 ‘The error bars in (a, b, d) were cal-
culated using the standard deviation of the measured data.

device to maintain good discharge power. A continuous current
exceeding 4 pA was maintained throughout the 3-h discharge process.
Figure 2f shows the discharge curves of the MGITG under different
loads. These curves exhibit two characteristics: (1) The initial voltage is
very high, indicating a large discharge pulse at the initial stage; (2)
After the rapid decay of discharging voltage, it remains at a relatively
high level, enabling continuous discharge. By integrating the power
over 1h, energy densities were calculated under various loads, as
shown in Fig. 2g. Tests revealed that the energy density peaks at 10 kQ,
reaching 917.54 ) m™. Compared to the high-humidity condition (the
maximum energy density of 24.78) m™ with external resistance of
5kQ), there is a nearly 40-fold increase. From the discharge curve, it
can be seen that the presence of a moisture gradient results in a higher
Voe, with high discharge power during the initial stage of discharging.
In the middle and later stages of discharge, due to the maintained
moisture gradient, cations continue to migrate to the cold end, caus-
ing the discharge current to remain higher than in the absence of a
moisture gradient. The discharge power with a moisture gradient is an
order of magnitude higher than without it, significantly enhancing the
energy density and power density of the device.

Through optimization of the component ratios and device
structure, the MGITG exhibited the optimal thermopower of
34.02mVK™, V. of 644.19 mV, and the energy density of 917.54) m™
under AT=8K and 90% RH. As illustrated in Fig. 2h and Table S1, the
MGITG significantly outperforms most i-TEG reported previously,
especially in the V,. and energy density. Although many studies have
increased the thermopower to above 30 mVK™ through various
methods, the V. is often below 100 mV. The ultra-high V,. makes
MGITG exhibit greater potential in energy harvesting and sensing. The
energy density of the MGITG is higher than that of many reported high-
performance i-TEGs with redox couples. It demonstrates that the i-TEG
without redox couples could also be capable of simultaneously
achieving high energy density and thermopower.

Mechanism verification of the MGITG

For the direct check of Cs* ion transport, two PEDOT:PSS/PVA/CsCl
films were quickly dried under vacuum by a lyophilization treatment
when they worked at AT=8 K and 90% RH. One is the MGITG, and the
other film is the i-TEG only driven by AT. Five points in each film were
chosen for energy dispersive spectrometer (EDS) mapping in the
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the MGITG with different water contents. f Interaction energy with water of dif-
ferent molecules. g Diffusion coefficients of different components under different
water contents, where the error bars were calculated using the standard deviation
of the calculated data. h Radial distribution functions of different ions relative to
oxygen atoms in water.

direction from hot to cold and from wet to dry. The EDS maps of Cs*
and CI" ions between points 2 and 3 in the MGITG are shown in Fig. 3a,
and the comparison of the atomic ratio of Cs* ions at different points
between i-TEG and MGITG is displayed in Fig. 3b. In the MGITG, the
atomic ratio of Cs" ions at the cold side is more than five times that at
the hot side, indicating a clear transport of Cs* ions and gathering at
the cold side. In the i-TEG, the gradient of the atomic ratio of Cs* ions is
significantly decreased. The comparison points out that the ion con-
centration difference caused by coupled heat and moisture transfer is
much larger than the thermal-induced ion concentration difference.
The EDS results directly support the mechanism of moisture-gradient-
enhanced i-TEs.

Characterization techniques can explain the optimal ratio of CsCl
addition and rule out potential chemical reactions at the electrodes.
From the X-ray diffraction (XRD) results (Fig. 3c), distinct XRD peaks
corresponding to CsCl crystallization become prominently visible when
the CsCl concentration exceeds 50 wt% in the composite. At 60 wt% CsCl
loading, the XRD peak intensities exhibit further enhancement, with the
dominant peak at 20=30° showing a 74% increase in intensity. This
pronounced amplification indicates substantial growth of crystalline
CsCl domains. The X-ray photoelectron spectroscopy (XPS) results

(Fig. S12) show the 3d peak of Cs atoms, and it can be observed that as
the salt content increases, the two peaks corresponding to 3d are
noticeably elevated, while the peak positions shift towards the lower
binding energy direction. This indicates that the Cs added more than
50 wt% mainly exist in the form of ion pairs. Based on the data in Fig. 2b,
it indicates that for the MGITG, an appropriate amount of ion crystal-
lization is beneficial for selective ion transport. Adding 50 wt% CsCl is
optimal, as adding more salt leads to excessive ion-ion interactions,
which inhibit ion diffusion. We also performed XPS characterization on
the Cu electrodes both before and after testing, and observed no shift in
the Cu 2p peak positions (shown in Fig. S13), indicating that no new
reaction products were formed. These characterization techniques
provide direct evidence for understanding the interactions between ions
and the polymer, verifying whether the developed materials contain an
optimal ion source incorporation.

Molecular dynamics (MD) simulations are performed to understand
the atomic interactions in the PEDOT:PSS/PVA/CsCI system (see details
in “Methods”). Figure 3d, e explains why the moisture gradient is so
important in ion diffusion. In the simulation, it can be observed that
multiple water channels are formed within the PEDOT:PSS (the red areas
in Fig. 3e). With the increase in water content, the proportion of water
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channels significantly increases. On one hand, ions have a very high
diffusion coefficient within these channels. On the other hand, the high
diffusion rate of water also carries a large number of ions. The cations
exhibiting greater Eastman entropy were found to substantially boost
the positive thermopower of the system. By calculating the diffusion
barrier (Fig. S14), it can be found that the introduction of PVA sig-
nificantly increases the diffusion barrier of H, resulting in an increase in
the Eastman entropy of cations*. Furthermore, the Eastman entropy of
cations in the PEDOT:PSS/PVA/X (X=NaCl, CuCl,, CsCl) system was
computationally determined while maintaining the same proportional
composition of all components. The calculated entropies for Na, Cu, and
Cs were 77547JK'mol?, 783.57JK'mol?, and 801.06)K!mol?,
respectively, showing a clear ascending trend. These results align well
with experimental measurements (shown in Fig. 2a). From the results of
the interaction energy calculations (Fig. 3f), the trend of water dis-
sociation from PSSH is stronger, hence the concentration gradient of
hydrogen ions is established first in the system. This can also explain why
there is a voltage jump at the initial moment during voltage testing. From
the statistical results of the diffusion coefficients in Fig. 3g, the ions are
arranged in descending order of diffusion coefficients as Cs*, CI', and H',
and the diffusion coefficient of water is the highest. This indicates that
the transport of water molecules is dominant and is capable of carrying
other ions along with them. Due to the different binding strengths
between ions and water, polymers, the ion diffusion coefficients from
high to low are Cs*> Cl"> H". From the radial distribution function (RDF)
results (Fig. 3h), H is most tightly bound to water, followed by CI” and
Cs'. Despite the stronger interaction between CI” and water, the solva-
tion process of CI also produces a large amount of free Cs*. MD simu-
lations theoretically demonstrate the fast and selective ion transport
caused by moisture diffusion, which can be mutually confirmed with
experimental results.

Scalable integration

To achieve larger-scale applications, the prepared films need to be
connected in series and/or parallel. Figure S15 shows the V. tested
under the same conditions for 2, 4, 6, and 8 units connected in series. It
can be observed that as the number of series connections increases,
the V.. increases linearly. For thermoelectric materials, the most effi-
cient connection method is the m-type series connection, which
requires alternating p-type and n-type materials. In this way, hot and
cold ends can be distributed on both sides, helping to maintain a stable
temperature difference and maximize energy conversion efficiency.
However, high-thermopower n-type i-TEs are relatively rare. This is due
to the lack of high-entropy anions like metal cations*. This paper
innovatively proposes a m-type series connection for pure p-type
materials. The Pl tape with properties of thermal insulation and
moisture barrier is chosen to encapsulate the series-connected MGITG
units. Every unit has one side exposed, with the upper and lower sides
arranged alternately, as shown in Fig. 4a. When this device is placed ina
high-temperature and high-humidity environment, the hot and humid
vapor can alternately enter from the upper and lower ends of the
series-connected units. This innovative series connection method fully
leverages the advantages of the MGITG. Efficiently connecting high-
performance materials in series can lead to a significant enhancement
in the performance of ionic thermoelectric devices. Furthermore, it is
convenient to scale up the series-connected units into large-scale 3D
integration, as shown in Fig. 4b. This provides a strategic approach for
high-sensitivity, self-powered wearable devices.

The MGITG demonstrates significant applicability in wearable
devices, particularly in respiration monitoring, temperature sensing,
and action recognition. Figure 4c¢ shows the voltage response curves
corresponding to exhalation and motion. In response to exhaled
breath, an MGITG unit can generate a voltage of approximately 250 mV
and 500 mV for shallow and deep breaths, respectively. This is due to
differences in the humidity of exhaled breath. Since the moisture

content in a single exhalation is low and the sensing area is relatively
small, the voltage quickly returns to its initial level within about 10s.
After connecting 8 units, it can be seen that after one deep breath, the
device’s V,. can reach 5 V before falling back. This allows simultaneous
recording of breathing frequency and depth, thereby inferring infor-
mation such as exercise status. The very high V,. makes the device
more sensitive to environmental changes, significantly improving
sensitivity and presenting great application prospects. In addition to
responding to moisture and temperature, the MGITG also exhibits
excellent response characteristics to force. The lower part of Fig. 4c
shows the test results of the voltage changes in response to finger
bending after fixing the unit on the finger.

Beyond its application in wearable devices, the MGITG also
demonstrates significant potential for use in robotic tactile sensing.
Figure 4d shows the material attached to the fingers of a robotic hand,
with a sealed MGITG unit and a normal MGITG unit applied to the two
sides of the finger. They will have different voltage response curves.
For the sealed MGITG, it will only respond to temperature, as the
humidity-sensitive area is also encapsulated. The normal MGITG,
responds to both temperature and humidity simultaneously, allowing
the approximate range of environmental temperature and humidity to
be determined from the voltage (as indicated by the red dashed line in
the Fig. 4d). By combining this with the temperature range (see details
in Table S2) measured by the sealed MGITG, accurate sensing of both
temperature and humidity can be achieved. As a result, an ion skin for
robots composed of many MGITG units can sense humidity and tem-
perature, which holds promise for applications in smart inspection. In
terms of response time, the first voltage plateau induced by humidity
variation emerges at approximately 9 s. Although the voltage stabili-
zation process triggered by temperature changes requires a longer
duration, the maximum voltage variation within 30 s still effectively
reflects the temperature information.

Figure 4e further demonstrates the application of MGITG as a
flexible temperature and humidity sensor in detecting the temperature
and humidity of grasped objects. The sensor was placed on the palm of
arobotic hand, which was used to grasp towels in different conditions.
Before testing, the same towels were stored for 1h in a constant
temperature and humidity chamber under the following conditions:
30% RH and 30 °C, 30% RH and 50 °C, 90% RH and 30 °C, and 90% RH
and 50 °C. Based on the voltage response curves (response speed and
magnitude), it can determine whether the towel is hot or cold, dry or
wet. These two application cases fully demonstrate the significant role
of MGITG in intelligent sensing. It enables robotic hands to sense
environmental temperature and humidity, and perceive the state of
the objects they grasp, much like human hands.

Discussion

We have established a more universal governing equation for i-TEs,
incorporating a convective term induced by moisture diffusion. The
derived expressions for V. and thermopower demonstrate that the
synergetic diffusion of moisture and heat leads to significant perfor-
mance improvements. We developed an MGITG to validate the feasi-
bility of enhancing thermoelectric performance through moisture
gradients. The strategy effectively increases the thermopower to
34.02mVK™, V,. to 644.19 mV, and energy density (1 h) to 917.54 ) m™
under AT=8K and 90% RH. These excellent results are much higher
than most i-TEGs reported previously, driven by a small temperature
difference (AT < 8K). For large-scale applications, we propose a prac-
tical m-type series connection composed of pure p-type i-TEs. The
MGITG exhibits excellent temperature and humidity sensing cap-
abilities, which hold promise for applications in wearables and robotic
tactile sensing. However, future development of the MGITG is still
needed, particularly in using advanced technologies for the mass
production and assembly of i-TE devices, with a focus on multiphysics
coupling processes and targeted structural design. Nevertheless, our
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of the environment. By comparing the voltage response curves of two MGITGs (one
is completely encapsulated and not hygroscopic), the specific values of tempera-
ture and humidity can be quickly determined. e The application in robotic tactile
sensing involves detecting the temperature and humidity state of grasped objects.
Towels under different temperature and humidity were used for grasping tests.

work introduces a promising paradigm for energy conversion and
application of i-TEs, with a focus on the moisture diffusion within i-TEs
under the temperature gradient. Our study demonstrates that advan-
cing i-TE requires a holistic research perspective that systematically
unifies moisture transport, ion migration, and thermal conduction
mechanisms. This will help drive the development of i-TEs towards
higher voltage and energy density, marking a significant step forward
in the practical application of i-TEs.

Methods

Material

PEDOT:PSS (1.5wt% in water, PEDOT:PSS=1:6), PVA (Alcoholysis
degree: 87.0-89.0 mol%, viscosity: 80.0-110.0 mPa s), CsCl (=99.999%
metals basis), NaCl (=99.99% metals basis), CuCl, (=99.99% metals
basis) and LiCl (299.995% metals basis) were purchased from Aladdin
Industrial Corporation. PI tapes (the thickness is 0.055 mm) and cop-
per foil tapes (the thickness is 0.036 mm) used for encapsulation were
purchased from 3 M Company. Hydrophilic carbon cloth (W0S1009,

the thickness is 0.36 mm) used for the electrode was purchased from
Beijing Zhongke Yannuo New Material Technology Co., Ltd. All che-
mical reagents were employed without further purification.

Preparation of PEDOT:PSS-PVA-CsCl film

To prepare the film, a 5wt% aqueous solution of PVA and a 1.5wt%
aqueous solution of PEDOT:PSS were pre-mixed at a polymer mass
ratio of 1:1. CsCl was then added to the polymer solution with different
mass fractions and stirred at room temperature for 6 h. To increase the
thickness of the film, 40% of the water in the solution was evaporated
when stirring on a hot plate at 600 rpm and 40 °C. The prepared
solution was poured into a polytetrafluoroethylene mold and heated at
40 °C for approximately 12 h. After film formation, the prepared film
was scraped off the base. To avoid curling during the cooling process,
the film was clamped with two glass slides and pressed with a weight
for 6 h. The width and thickness of the film were precisely controlled at
1cm and 110 pm, respectively. The prepared thin films were encapsu-
lated in a glove box for future use.
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Preparation of MGITG

A combination of hydrophobic and hydrophilic electrodes was adop-
ted. The carbon cloth was plasma-treated to enhance its hydrophilicity.
Copper foils (hydrophobic electrodes) and hydrophilic carbon cloth
(hydrophilic electrodes) were placed at both ends and on the upper
and lower sides of the film. The copper electrode was pre-attached to
the glass substrate with an interelectrode spacing of approximately
3.5 cm. Except for the portion of the film exposed on the moisture-
entry side, the rest of the film was encapsulated with PI tapes.

Thermoelectric performance test

The entire experimental setup was placed inside a temperature- and
humidity-controlled chamber (Duohe, DHTH-100-70-P-ES). During
testing, the chamber temperature was consistently maintained at
30 °C, while RH was adjusted according to testing requirements. When
testing the effect of the moisture gradient, the MGITG was left to
stabilize in the chamber at 30% RH for 6 h. After the voltage stabilized,
the relative humidity was set to the target value and reached within
approximately 2-4min. A high-precision hygrometer is used to
monitor the surface humidity of the material, ensuring that humidity
fluctuations remain within +1% upon reaching the set humidity level.
For a stable temperature difference, one Peltier heater and one Peltier
cooler were located under the tested materials, powered by two
Advantest R6243 source meters, providing a temperature difference
along the length direction of the film. The thermal voltages pro-
duced by the MGITG were recorded with a nano-voltage meter
(Keithley 2002). Two T-type thermocouples were applied to record
temperature variation between the hot and cold sides of MGITG con-
trolled by NI 9213 coupled with NI 9162 modes. To ensure optimal
contact between the material and electrodes, a constant pressure of
200 g was continuously applied at both electrode locations through-
out the testing process. The whole test system was first calibrated well
with the reported i-TE materials in the previous work.

Characterization

A scanning electron microscope (SEM, ZEISS-Merlin) was used to
characterize the morphology of the materials. The XPS measurement
was conducted using Thermo Fisher ESCALB Xi+. The XRD measure-
ment was conducted using Rigaku-MiniFlex600. The FTIR measure-
ment was conducted using Netzsch-X70.

The ionic electrical conductivity measurement

The ionic conductivity of the i-TE materials was determined by the EIS
measurement in a frequency range from 100 kHz to 0.1 Hz using two
stainless steel block electrodes with a diameter of 1cm. The mea-
surements were conducted using an electrochemical workstation
(Autolab PGSTAT302N, Metrohm). The ion conductivity was calcu-
lated according to Gjon = I/Rioraid, Where [ and A are the thickness and
contact area of the materials, respectively. Roea is equal to Ry, + R;. They
are obtained based on the first semicircle of the impedance spectrum
through equivalent circuit fitting.

Thermal conductivity measurement

The TDTR method was used to measure the thermal conductivity
kmarrc. First, we performed conventional TDTR measurements on an
Al-coated SiO, substrate to determine the thermal conductivity of SiO,
and the interfacial thermal conductance. Subsequently, bidirectional
TDTR measurements were conducted on samples with the spin-coated
MGITG. The thermal conductivity of the sample was extracted through
fitting the experimental data to our thermal model*. To ensure mea-
surement reliability and minimize experimental uncertainties, mea-
surements were performed at three randomly selected locations
across each sample, with three repeated measurements conducted at
each location. The specific heat capacity was obtained using DSC (TA
instruments-DSC250).

MD simulation

Classical all-atom MD simulations were conducted using the Gromacs
software (version 2022.7.4)"". The initial configuration for each system
was established by Packmol*. Structural optimization was carried out
using the Generalized Amber Force Field*. Temperature and pressure
were maintained using the V-rescale thermostat® and the Parrinello-
Rahman barostat, respectively. Long-range electrostatic interactions
were computed using the particle-mesh Ewald method®>. Simulations
employed a time step of 1fs, and visualizations were created with the
VMD software®. The code for entropy calculation is referenced in our
previous work®.

Data availability

The source data used in this study are available in the Figshare data-
base (https://doi.org/10.6084/m9.figshare.29613458)**.  Additional
data are available from the corresponding author upon request.
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