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HIGHLIGHTS

• An ion–electron coupled thermoelectric material was successfully prepared, which theoretically proved the ion–electron thermoelectric 
synergy effect and this material can work for a long time, which promoted low-grade thermal energy conversion.

• In the new operating mode of ion–electron thermoelectric synergy effect, our ionic thermoelectrics have a high Seebeck coefficient 
of 32.7 mV  K−1 and a high energy density of 553.9 J  m−2, enabling self-power for electronic components.

ABSTRACT Ionic thermoelectrics (i-TE) possesses great 
potential in powering distributed electronics because it can gen-
erate thermopower up to tens of millivolts per Kelvin. However, 
as ions cannot enter external circuit, the utilization of i-TE is 
currently based on capacitive charge/discharge, which results 
in discontinuous working mode and low energy density. Here, 
we introduce an ion–electron thermoelectric synergistic (IETS) 
effect by utilizing an ion–electron conductor. Electrons/holes 
can drift under the electric field generated by thermodiffusion 
of ions, thus converting the ionic current into electrical cur-
rent that can pass through the external circuit. Due to the IETS 
effect, i-TE is able to operate continuously for over 3000 min. 
Moreover, our i-TE exhibits a thermopower of 32.7 mV  K−1 and 
an energy density of 553.9 J  m−2, which is more than 6.9 times 
of the highest reported value. Consequently, direct powering of electronics is achieved with i-TE. This work provides a novel strategy for 
the design of high-performance i-TE materials.
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1 Introduction

Harvesting energy from environment to power distributed 
electronics is long desired for Internet-of-Things [1–3]. 
Through Seebeck effect, which refers to the establishment 
of electrical potential difference under a temperature gradi-
ent, one can realize direct conversion of heat to electricity 
without any moving part or emission [4, 5]. To this end, 
electronic thermoelectrics (e-TE) [6, 7], thermocells (TC) 
[8–10] and ionic thermoelectrics (i-TE) [11, 12] have shown 
great potential in such an application. High-performance 
thermoelectric materials possess both high thermopower 
(also known as Seebeck coefficient) (S) and high electrical 
conductivity (σ), but low thermal conductivity (κ) [13].i-
TEs have attracted extensive attention due to their ability to 
generate thermopower of tens of millivolts per Kelvin [11, 
14–28], ideal for thermal energy recovery near room tem-
perature. The working principle of i-TEs is based on Soret 
effect, i.e., ions in the electrolyte thermo-diffuse from the 
hot side to the cold side driven by a temperature gradient, 
thus inducing an ionic concentration gradient and an electric 
field. Since ions cannot enter external circuit, the application 
of i-TE generally relies on the capacitance formed by the 
ions accumulated at the electrodes for thermal charging and 
discharging [12]. However, this working mechanism results 
in discontinuous operation [11, 12, 18, 23] and a low power 
output [29], hindering its direct application.

There are two strategies that have been explored to 
enhance the power output of i-TEs, i.e., increasing the spe-
cific surface area of the electrode [12] or coupling ions and 
electrons [30, 31]. The highest energy density adopted the 
new strategies reached 80 J   m−2 [32]. Nevertheless, the 
energy density is still low compared with e-TEs. Moreover, 
the working mode is still based on discontinuous thermal 
charging/discharging. Thus, it is vital to seek a new opera-
tion mechanism that can boost thermoelectric performance 
of i-TEs.

In this work, we tackle the problem by introducing a new 
operation mechanism based on an ion–electron thermoelec-
tric synergistic (IETS) effect. This new mechanism relies on 
the utilization of an ion–electron conductor. Under a ther-
mal gradient, thermodiffusion of ions in i-TE will set up an 
electric potential; since the scaffold is electrically conduct-
ing, electrons/holes in the scaffold can also drift under the 
electric field generated by the ions. Through this IETS effect, 

one can convert the ionic current into electrical current that 
can pass through the external circuit to do work. Due to 
the IETS effect, i-TE is able to operate continuously for 
over 3000 min without the aid of an energy storage device. 
Moreover, our i-TE exhibits a thermopower of 32.7 mV  K−1 
and an energy density of 553.9 J  m−2, which is more than 
6.9 times of the highest reported value. Consequently, direct 
powering of electronics is demonstrated with IETS-based 
i-TE. This work provides a novel strategy for the design of 
high-performance i-TE materials.

2  Experimental Section

2.1  Materials

BMIM:Cl (Mw = 174.671 g  mol−1, > 99.9%) was purchased 
from Adamas Reagent. Ethanol (Mw = 46.07 g  mol−1, > 99.7%) 
was purchased from Chengdu Kelong Chemical Co., Ltd. The 
pomelo peels used in this article were purchased from Jiangxi, 
China. All materials were used without further purification.

2.2  Preparation of CPP‑BMIM:Cl

Fresh grapefruit peels were removed from the outer epi-
dermis, washed with deionized water, frozen, and vacuum 
dried for 48 h. Then treated under nitrogen atmosphere at 
900/500 °C for 2 h to obtain CPP900/500. The pomelo 
peel was heated at a rate of 10  °C   min−1. Afterward, 
CPP900/500 samples were soaked in ethanol for 1 h and 
then cut into specific size (~ 5 mm × 9 mm × 14 mm). Finally, 
the CPP900/500 was immersed in 1 M BMIM:Cl aqueous 
solution and left for 24 h to complete the preparation of 
CPP-BMIM:Cl.

2.3  Performance Characterization of CPP900, 
CPP900‑BMIM:Cl and CPP500‑BMIM:Cl 
(Hereinafter Referred to as CPPs)

The thermopower was derived by dividing the obtained ther-
mally generated open circuit voltage by the temperature dif-
ference across the device. CPPs were sandwiched between 
two flat copper electrodes, the bottom side was heated and 
the top side was passively cooled in air. Two thermocou-
ples were adhered inside the CPPs and in contact with the 
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electrodes. The temperature difference was recorded using 
UNI-T 325. A Keithley 2400 was used to measure the open 
circuit voltage or short circuit current between the two elec-
trodes. The resistance (R) of CPP900 was tested by Keithley 
2400, and the electrical conductivity ( � ) of CPP900 was 
obtained via the following formula:

where � is the electrical conductivity, R is the resistance, 
l is the thickness of CPP and A is the area. The ionic con-
ductivity of the CPPs was determined by the electrochemi-
cal impedence spectroscopy (EIS). Using the same setup to 
perform potentiostatic scanning with a voltage amplitude 
of 10 mV, and a frequency ranging from 0.1 Hz to 100 kHz.

2.4  Material Characterization

For cyclic voltammetry (CV) scan, the CPPs were sand-
wiched between two flat copper electrodes, and the voltage 
window from − 0.8 to + 0.8 V was measured by Bio-logic 
(Gamry biologic, America), in which one platinum sheet 
served as the working electrode while the other one served 
as the counter and reference electrodes simultaneously. The 
scan rate was 20, 40, 60, 80 and 100 mV  s−1. The mor-
phologies and microstructures of CPPs were characterized 
by SEM (TM4000Plus II, Hitachi LTD). FTIR transmittance 
spectroscopy test was employed with a FTIR spectrome-
ter (Spectrum Two, PerkinElmer) in the solid test mode. 
XRD were tested by PANalytical X’Pert Powder. XPS were 

(1)� =
1

R

l

A

performed with an ESCALAB-250Xi X-ray photoelectron 
spectrometer. BET was performed with Quadrasorb 2MP.

3  Results and Discussion

In this study, we couple Soret effect and drift current to 
exploit a new i-TE operation principle (Supporting Informa-
tion and Fig. S1). We introduced a dual functional scaffold 
made from carbonized pomelo peel (CPP), which could con-
duct both ions and electrons. Such a scaffold was regarded as 
an ion–electron conductor (IE conductor). Our i-TE material 
was prepared by filling an ionic liquid, 1-butyl-3-methylim-
idazole chloride (BMIM:Cl), into the porous CPP (Fig. S2). 
Figure 1a depicts the i-TE without an applied temperature 
gradient. The ions and electrons are homogeneously distrib-
uted in the system, so there is no electrical potential gener-
ated. Once a temperature difference is applied to this i-TE 
(Fig. 1b), the thermo-diffusion of ions induces an ionic diffu-
sion current and an electric field due to Soret effect. Driven 
by this electric field, a drift current is generated inside the 
IE conductor, whose flow direction is the same as the elec-
tric field [3]. It is worth mentioning that the driving force 
for the ionic current is the temperature gradient, while the 
driving force for the drift current is the electric field gener-
ated by the ions. In this way, when the i-TE is connected to 
an external circuit, part of the drift current goes through the 
external load, hereby converting the ionic current to electri-
cal current that can flow into external circuit. We regard 
this working mode as ion–electron thermoelectric synergy 

Fig. 1  a Schematic diagram of the ion–electron conductor without an applied temperature gradient, the ions and electrons are evenly distrib-
uted, and there is no potential difference. The electrons here refer to the carrier in the E&I conductor. b Schematics of the working principle 
under the condition of ion–electron thermoelectric synergy
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(IETS) effect. We further derived the total expression of the 
thermopower under the IETS effect as follows (full deriva-
tions are described in Supporting Information):

where q is the elemental charge, σe-TE is the electrical con-
ductivity of the IE conductor, D is the diffusion coefficient 
of the ion, C and ST are the ion concentration and the Soret 
coefficient, respectively. The subscript “ + ” or “ − ” denotes 
the ion species.

From Eq. (2), we note that given a specific temperature 
gradient:

We also note that the expression for the drift current is:

Based on Eqs. (2a) and (3), one can deduce that the electrical 
conductivity of the IE conductor cannot be too large nor too 
small under the IETS working principle. A large conductiv-
ity can quickly balance out the voltage generated by ions 
[31], reducing the thermovoltage; while a small conductiv-
ity will result in low current output. As implied by Eq. (2b), 
the Soret effect still plays a role in IETS working mode, i.e., 
increasing the ion’s Eastman entropy of transfer increases 
the ionic thermopower.

To prove the IETS concept, we fabricated i-TE materi-
als incorporated with an ion conductor or an IE conduc-
tor, for a comparison. The different charge conductors were 
obtained by carbonizing fresh pomelo peels at different 
temperatures, e.g., 500 and 900 °C, denoted as CPP500 
and CPP900. CPP900 exhibits an electrical conductivity of 
31.2 S  m−1 (Fig. S3), while CPP500 is an electrical insulator 
as the measured resistance is overloaded. This is because an 
increase in carbonization temperature enhances the degree 
of graphitization of pomelo peels [33]. Besides, the porous 
CPP contains a large number of hydroxyl or carbonyl groups, 
which render it a good ion conductor [34]. So CPP500 is an 
ion conductor, while CPP900 is an IE conductor. The i-TE 
material was made by filling CPP with an aqueous solution 
of BMIM:Cl, denoted as CPP-BMIM:Cl.

CPP900 exhibits a low thermopower of 12.5 μV  K−1 
(Fig. 2a) and an instantaneous thermovoltage response (Fig. 
S4), so CPP900 alone can be regarded as an e-TE material 

(2)S =
ΔV

ΔT
=

q

�
e - TE

(

D−C−ST− − D+C+ST+
)

(2a)ΔV ∝
1

�
e - TE

(2b)ΔV ∝
(

D−C−ST− − D+C+ST+
)

(3)J
Drift

= �
e - TE

⋅ E = �
e - TE

dV

dx

[35]. In a great contrast, the thermopower of CPP900-
BMIM:Cl is 32.7 mV  K−1 and that of CPP500-BMIM:Cl is 
15.5 mV  K−1 (Figs. 2b and S5, S6). The large thermopower 
indicates the CPP-BMIM:Cl composite is predominantly an 
i-TE material [1]. It is worth noting that the thermovoltage 
of a single CPP900-BMIM:Cl cell reaches 0.65 V under 
a temperature difference of 20 K (Fig. 2b). To the best of 
our knowledge, this is currently the highest thermovoltage 
achieved by a single i-TE (Fig. 2c; Table S1).

A series of comparative experiments were carried out to 
confirm that the thermopower was induced by ionic thermo-
diffusion. The thermopower of the CPP900-BMIM:Cl is ori-
entation-independent, i.e., the CPP900-BMIM:Cl achieves 
the same thermopower value when the hot and cold elec-
trode are interchanged (Fig. S7). When only deionized 
water was introduced into CPP900, a low thermovoltage of 
478 μV is observed under the same temperature difference 
of 20 K (Fig. S8), indicating the ions in this system play a 
key role for the large thermopower [36, 37]. The thermo-
power of BMIM:Cl neat solution without CPP scaffold is 
just 0.35 ± 0.05 mV  K−1, which highlights the importance of 
CPP in ionic thermopower, and implies the possible interac-
tion between solution and electrode has little effect on ionic 
thermopower (Fig. S9). In addition, the saturation of thermo-
voltage in neat BMIM:Cl solution is significantly faster than 
that in CPP-BMIM:Cl, indicating that the selective effect of 
CPP on ions leads to a longer time to reach voltage equilib-
rium. Cyclic voltammetry measurement was performed to 
further show that no redox reaction takes place (Fig. S10) 
and the valence state of the ions remains unchanged [11].

Subsequently we studied the thermovoltage response 
(charging) of CPP500-BMIM:Cl and CPP900-BMIM:Cl. 
The thermovoltage of CPP500-BMIM:Cl reaches 0.31 V 
(Fig. 2d) within 2 h and CPP900-BMIM:Cl reaches 0.64 V 
within 3 h (Fig. 2e). In addition, we notice an initial time-lag 
in the thermovoltage build-up for CPP900-BMIM:Cl, while 
this phenomenon is absent in the thermovoltage response 
of CPP500-BMIM:Cl. Repetitive measurements (Fig. S11), 
confirm that the initial time-lag is a characteristic of all 
CPP900-BMIM:Cl samples. This unique characteristic is 
attributed to the decrease in electrical conductivity during 
the process of ionic thermal diffusion (Fig. S12), which in 
turn weakens the ability of electrons to balance the ionic 
potential difference [38].

We further compared the current output characteristics 
(discharge) of CPP500-BMIM:Cl, CPP900-BMIM:Cl and 
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CPP900 (Fig. 2f). After thermal charging at a temperature 
difference of 20 K, the short-circuit current of CPP500-
BMIM:Cl decays from 68 to 20 �A (point of inflection) 
within 15  s; while that of CPP900-BMIM:Cl gradually 
decays from 478 to 124 �A (point of inflection) in 195 s. For 
a comparison, the short-circuit current of CPP900 is almost 
constant at 19 �A due to its e-TE nature. The fast decay of 
current output implies that CPP500-BMIM:Cl operates in 
an inductive capacitance mode, i.e., the accumulated ions 
at the hot and cold electrodes induce current flow in the 
external circuit [24]. The boost in current output of CPP900-
BMIM:Cl is mainly attributed to the IETS effect. When the 
scaffold of CPP900-BIMI:Cl is conductive, part of the drift 
current can go through the external circuit, greatly contribut-
ing to the current output. Since CPP900 can only generate 
a constant but small current, we can rule out the possibility 
that the large current output of CPP900-BMIM:Cl is due to 
the contribution from the intrinsic thermoelectric current of 
CPP900. The above discussion indicates that the IETS effect 
can greatly improve the current output.

It is worth mentioning that a measurable short-circuit cur-
rent can be observed instantly for all three samples as soon 
as the temperature gradient is applied (Fig. S13). Under a 
temperature difference of 20 K, CPP900 delivers a constant 
current of 19 �A . Both CPP500-BMIM:Cl and CPP900-
BMIM:Cl show an increasing output current, with the latter 
increases to more than 450 �A after one hour. The small cur-
rent increase of CPP500-BMIM:Cl is attributed to the slow 
ion accumulation at the electrode that generates a capacitor-
like current. Meanwhile, the immediate current increase of 
CPP900-BMIM:Cl indicates that upon the applied tempera-
ture difference, an induced sizable drift current is generated 
instantly. We can clearly recognize that when BMIM:Cl is 
introduced, CPP has a significant improvement in both ther-
movoltage output and current output.

To understand the origin of the giant thermopower and the 
difference in thermoelectric performance between CPP900-
BMIM:Cl and CPP500-BMIM:Cl, structure in multi-scales 
of CPPs were characterized. Scanning electron microscopic 
(SEM) images in Fig. 3a, b demonstrate that the graphitized 

Fig. 2  a The thermopower of CPP900. b The thermopower of CPP500-BMIM:Cl and CPP900-BMIM:Cl determined by a liner fit of the open 
circuit voltage verses temperature difference. c Absolute thermovoltage of a single i-TE compared to reported values. The thermovoltage resulted 
from ion thermodiffusion effect is shaded in pink, and the thermovoltage due to thermogalvanic effect is shaded in yellow. Open circuit thermo-
voltage curve and short circuit current curve of d CPP500-BMIM:Cl and e CPP900-BMIM:Cl. The cell size is 9 mm × 14 mm. f A comparison 
of short-circuit current among CPP900, CPP500-BMIM:Cl and CPP900-BMIM:Cl after thermal charging. (Color figure online)
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pomelo peel exhibits a porous structure at micron scale. The 
microstructure of CPP exhibits isotropic polydispersity in 
pore-size and nanofiber thickness (Fig. S14a), implying an 
isotropic thermoelectric property, in contrast to some aniso-
tropic biomass derivatives such as wood [39] and bamboo 
[40]. CPP900 possesses finer nanofibers and denser pore 

distribution compared to CPP500 (Figs. 3a, b and S14b, c). 
This may be resulted from the differentiation of nanofibers at 
higher temperatures. The XRD pattern of CPP exhibits two 
broadened peaks at 22.9° and 43.7° (Fig. 3c), corresponding 
to the {002} and {100} planes of graphite [33], respectively. It 
shows that CPP is an amorphous graphite-like structure [41].

Fig. 3  a, b SEM image of CPP500 and CPP900. The scale bar is 1 mm. c XRD patterns of the CPP900 and CPP900-BMIM:Cl. d FTIR spectra 
of CPP900 and CPP500. e The C 1s XPS spectra of CPP900-BMIM:Cl. f Pore size distribution of CPP900
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The results of Fourier transform infrared spectroscopy 
(FTIR) indicate that CPP500 and CPP900 have similar func-
tional groups (Fig. 3d). The FTIR bands show that O–H, 
C=O, C=C and C–O bonds are present in CPP, implying 
the existence of various functional groups, such as –OH, 
–COOH, etc. These polar functional groups endow the 
CPP with the ability to conduct ions [42]. When BMIM:Cl 
was introduced, the O–H peak position is red shifted (Fig. 
S15), indicating that  BMIM+ formed hydrogen bonds with 
–OH [43]. X-ray photoelectron spectroscopy (XPS) further 
confirms the existence of oxygen-containing functional 
groups (Figs. 3e and S16). The C 1s spectrum could be 
deconvoluted into 4 peaks centered at 284.6, 286.2, 287.1 
and 288.7 eV, which were assigned to carbon in aromatic 
or aliphatic structures; phenol, ether, or enol–keto groups; 
carbonyl or quinone; and carboxyl or ester groups, respec-
tively [34].

In addition, we compared the pore size distribution of 
CPP500 and CPP900. Brunauer Emmett Teller (BET) 
test results show that CPP900 has on average smaller 
micro–nano-structured pores and larger specific surface area 
(485.04  m2  g−1) than CPP500 (0.65  m2  g−1) (Figs. 3f and 
S17), which provide more pathways and connectivity for 
ion transport. This may account for the difference in their 
thermopower performance. In addition, the large difference 
in the specific surface area of CPP900 and CPP500 is also 
one of the reasons for the difference in discharge behavior.

Based on the above results, we provide an insight into the 
colossal thermopower induced by the ion diffusion of the 
CPP-BMIM:Cl. The presence of oxygen-containing func-
tional groups in CPP makes the surface negatively charged 
(Fig. S18). The ionic interaction induced by the charged 
CPP surface can generate a large Eastman entropy of trans-
fer, which is responsible for the large thermopower [18]. In 
addition, both experiments [44] and computational analysis 
[45] have shown that oxygen-containing functional groups 
are more favorable for cation diffusion, and the greater the 
negative charge density, the stronger the ion selectivity [11, 
46]. The thermodiffusion of BMIM:Cl induces an accumula-
tion of  BMIM+ at the cold electrode due to the selectivity of 
CPP, resulting in a p-type thermopower.

Since CPP900-BMIM:Cl delivers both large ther-
movoltage and short-circuit current, its power output 
behavior was then evaluated. Figure S19 displays the dis-
charge voltage curves of different external loads after the 

CPP900-BMIM:Cl was thermally charged at 20 K. The volt-
age slowly decays to a nonzero constant value in all these 
scenarios, unlike ionic thermoelectric capacitors that gradu-
ally decay to zero [17, 26]. This indicates that the i-TE work-
ing in IETS mode can generate a stable output. In contrast, 
without the introduction of BMIM:Cl, the voltage output 
of the CPP900 stays at the microvolt level (Fig. S20). This 
highlights the importance of IETS effect. The output power 
profiles of CPP900-BMIM:Cl was obtained via Ohm’s law, 
as shown in Fig. 4a. When the external load is 1000 ohms, 
the maximum power density of CPP900-BMIM:Cl reaches 
0.41 W  m−2 (Fig. 4b). To the best of our knowledge, this is 
the highest power density for i-TE reported so far (Fig. S21; 
Table S2). The discharged energy of CPP900-BMIM:Cl in 
one hour was calculated by integrating the power versus time 
curve. Under an external load of 5100 ohms, the energy den-
sity is as high as 553.9 J  m−2 (Fig. 4c), which is more than 
6.9 times the best reported i-TE (Fig. 4d and Table S2).

To further verify the credibility of the power output of 
CPP900-BMIM:Cl, it was connected with a supercapacitor. 
The voltage of the supercapacitor increased to the output 
voltage of the CPP900-BMIM:Cl within 1 min (Fig. 4e), 
indicating that the CPP900-BMIM:Cl could easily charge a 
supercapacitor. After charging a 0.5 F supercapacitor (Fig. 
S22), the waste heat collected by CPP900-BMIM:Cl can 
drive a fan directly (Fig. 4f). Collecting 4 supercapacitors 
in series, the output voltage is high enough to power light-
emitting diodes (Fig. 4g).

Due to the IETS effect, CPP900-BMIM:Cl can convert 
heat into electricity, and output both voltage and current 
continuously for more than 3000 min (Figs. 4h and S23), 
showing good working durability. After continuous power 
generation, it could be easily restored (Fig. S24) and remain 
operational for consecutive days (Fig. S25). This demon-
strates that our i-TE material can be reused, not a one-time 
energy source. These results demonstrate that the IETS 
effect provides i-TEs with a completely new operation mode, 
which is fundamentally different from traditional i-TE mate-
rials. The traditional i-TE materials require four-stage switch 
of heat and circuit [12, 19, 32, 47]; while the i-TEs with 
IETS effect can work continuously for over 50 h once the 
thermal gradient is established.

Finally, we designed an i-TE module by connect-
ing 5 i-TE cells (size: 5 mm × 9 mm × 14 mm) in series 
(Fig. S26). Because of the considerable power output 
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of CPP900-BMIM:Cl, this module can directly power a 
thermo-hygrometer without using supercapacitors under a 
temperature difference of 20 K. (Fig. 4i). The device can 
also achieve continuous output. In Supplementary Video, 
we demonstrate the i-TE module is able to drive a thermo-
hygrometer incessantly for 1 h. This demonstration clearly 
shows IETS effect can bring about a brand-new operation 
mode for i-TE materials, which is ideal for IoT devices.

4  Conclusions

In summary, unlike previously reported i-TE energy con-
version approaches, we enhanced the power output of 
i-TE by introducing an ion–electron (IE) conductor to 
promote the ion–electron thermoelectric synergy (IETS) 
effect. We further derived the working mechanism of the 
IETS effect, providing guidance for new i-TE materials 

Fig. 4  a Power curves of CPP900-BMIM:Cl during discharging when connected to different external loads. The temperature difference is 20 K. 
Variation trend of b maximum output power and c energy density with external load. d Comparison of energy density of CPP900-BMIM:Cl 
with the optimal values reported in literatures. Because the test conditions for i-TE energy density are not uniform (discharge time, temperature 
difference, load resistance, relative humidity, etc.), we provide a rough comparison here to facilitate an understanding of the output limit and 
scale of i-TEs. e Charging curve of CPP900-BMIM:Cl for a 10 mF supercapacitor at a temperature difference of 20 K. f A fully charged superca-
pacitor with a capacity of 0.5 F can drive a small fan directly. g Connecting 4 charged supercapacitors (10 mF) in series, the recovered heat can 
light up red, yellow and green light-emitting diodes. h The open-circuit voltage of CPP900-BMIM:Cl under a continuous temperature difference 
of 20 K. i Powering a thermo-hygrometer directly by a i-TE module without supercapacitors. (Color figure online)
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design. As a proof of concept, CPP900-BMIM:Cl that 
utilizes IETS effect achieved a high thermopower of 
32.7 mV  K−1, a record thermovoltage of 0.65 V, a record 
power density of 0.41 W  m−2 and a record energy den-
sity of 553.9 J   m−2. The i-TE material can also oper-
ate continuously for over 3000 min and can be easily 
restored and reused. Eventually, we fundamentally 
changed the working mode of traditional i-TE modules, 
demonstrating direct powering of electronics by an i-TE 
module in a continuous and stable fashion, without using 
supercapacitors.

Acknowledgements We thank Prof. Jianyong Ouyang and Dr. 
Hanlin Cheng from National University of Singapore, Prof. Weishu 
Liu from Southern University of Science and Technology, and Dr. 
Zhuang Xiong from the Institute of Semiconductors, Chinese 
Academy of Sciences for their suggestions on experimental design 
and data analysis. This work was financially supported by research 
grants from the Natural Science Foundation of China [Grant No. 
62074022 (K.S.), 12004057 (Y.J.Z.), 52173235 (M.L.)], the Natu-
ral Science Foundation of Chongqing [cstc2021jcyj-jqX0015 
(K.S.)], Chongqing Talent Plan [cstc2021ycjh-bgzxm0334 
(S.S.C.), CQYC2021059206 (K.S.)], Fundamental Research Funds 
for the Central Universities [No. 2020CDJQY-A055 (K.S.)] and 
the Key Laboratory of Low-grade Energy Utilization Technolo-
gies and Systems [Grant No. LLEUTS-201901 (K.S.)]. Yongjie He 
acknowledges the support from Chongqing Postgraduate Research 
and Innovation Project (CYS22032).

Author contributions KS and YH conceived the idea. KS and YH 
supervised the project. YH, SL, RC, XL, JW contributed to mate-
rial preparation and characterization. YH, RC, WF, XL, ZO and 
QG contributed to the structural characterization. YH, RC, GOO 
and CL contributed to the analysis of the carrier transport. KS, YH, 
SL, RC, GOO, JL, ML, SC, Y-JZ, and Y-LZ analyzed the data. KS, 
YH, RC, GOO and NANO wrote the paper. All authors discussed 
the results and approved the final version of the manuscript.

Funding Open access funding provided by Shanghai Jiao Tong 
University.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, 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 Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 023- 01077-7.

References

 1. W. Liu, X. Qian, C.-G. Han, Q. Li, G. Chen, Ionic ther-
moelectric materials for near ambient temperature energy 
harvesting. Appl. Phys. Lett. 118(2), 020501 (2021). https:// 
doi. org/ 10. 1063/5. 00321 19

 2. M. Massetti, F. Jiao, A.J. Ferguson, D. Zhao, K. Wijeratne 
et al., Unconventional thermoelectric materials for energy 
harvesting and sensing applications. Chem. Rev. 121(20), 
12465–12547 (2021). https:// doi. org/ 10. 1021/ acs. chemr ev. 
1c002 18

 3. X. Liu, H. Gao, J.E. Ward, X. Liu, B. Yin et al., Power 
generation from ambient humidity using protein nanowires. 
Nature 578(7796), 550–554 (2020). https:// doi. org/ 10. 1038/ 
s41586- 020- 2010-9

 4. L.E. Bell, Cooling, heating, generating power, and recov-
ering waste heat with thermoelectric systems. Science 
321(5895), 1457–1461 (2008). https:// doi. org/ 10. 1126/ scien 
ce. 11588 99

 5. H. Yao, Z. Fan, H. Cheng, X. Guan, C. Wang et al., Recent 
development of thermoelectric polymers and composites. 
Macromol. Rapid Commun. 39(6), 1700727 (2018). https:// 
doi. org/ 10. 1002/ marc. 20170 0727

 6. B. Russ, A. Glaudell, J.J. Urban, M.L. Chabinyc, R.A. Segal-
man, Organic thermoelectric materials for energy harvesting 
and temperature control. Nat. Rev. Mater. 1(10), 16050 (2016). 
https:// doi. org/ 10. 1038/ natre vmats. 2016. 50

 7. L. Su, D. Wang, S. Wang, B. Qin, Y. Wang et al., High ther-
moelectric performance realized through manipulating layered 
phonon-electron decoupling. Science 375(6587), 1385–1389 
(2022). https:// doi. org/ 10. 1126/ scien ce. abn89 97

 8. B. Yu, J. Duan, H. Cong, W. Xie, R. Liu et al., Thermosensi-
tive crystallization-boosted liquid thermocells for low-grade 
heat harvesting. Science 370(6514), 342–346 (2020). https:// 
doi. org/ 10. 1126/ scien ce. abd67 49

 9. Y. Liu, Q. Zhang, G.O. Odunmbaku, Y. He, Y. Zheng et al., 
Solvent effect on the seebeck coefficient of Fe2+/Fe3+ hydro-
gel thermogalvanic cells. J. Mater. Chem. A 10, 19690–19698 
(2022). https:// doi. org/ 10. 1039/ d1ta1 0508f

 10. J. Duan, G. Feng, B. Yu, J. Li, M. Chen et al., Aqueous ther-
mogalvanic cells with a high seebeck coefficient for low-grade 
heat harvest. Nat. Commun. 9(1), 5146 (2018). https:// doi. org/ 
10. 1038/ s41467- 018- 07625-9

 11. T. Li, X. Zhang, S.D. Lacey, R. Mi, X. Zhao et al., Cellulose 
ionic conductors with high differential thermal voltage for 
low-grade heat harvesting. Nat. Mater. 18(6), 608–613 (2019). 
https:// doi. org/ 10. 1038/ s41563- 019- 0315-6

 12. D. Zhao, H. Wang, Z.U. Khan, J.C. Chen, R. Gabrielsson et al., 
Ionic thermoelectric supercapacitors. Energy Environ. Sci. 
9(4), 1450–1457 (2016). https:// doi. org/ 10. 1039/ c6ee0 0121a

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01077-7
https://doi.org/10.1007/s40820-023-01077-7
https://doi.org/10.1063/5.0032119
https://doi.org/10.1063/5.0032119
https://doi.org/10.1021/acs.chemrev.1c00218
https://doi.org/10.1021/acs.chemrev.1c00218
https://doi.org/10.1038/s41586-020-2010-9
https://doi.org/10.1038/s41586-020-2010-9
https://doi.org/10.1126/science.1158899
https://doi.org/10.1126/science.1158899
https://doi.org/10.1002/marc.201700727
https://doi.org/10.1002/marc.201700727
https://doi.org/10.1038/natrevmats.2016.50
https://doi.org/10.1126/science.abn8997
https://doi.org/10.1126/science.abd6749
https://doi.org/10.1126/science.abd6749
https://doi.org/10.1039/d1ta10508f
https://doi.org/10.1038/s41467-018-07625-9
https://doi.org/10.1038/s41467-018-07625-9
https://doi.org/10.1038/s41563-019-0315-6
https://doi.org/10.1039/c6ee00121a


 Nano-Micro Lett. (2023) 15:101101 Page 10 of 11

https://doi.org/10.1007/s40820-023-01077-7© The authors

 13. C. Wang, K. Sun, J. Fu, R. Chen, M. Li et al., Enhancement 
of conductivity and thermoelectric property of pedot: Pss via 
acid doping and single post-treatment for flexible power gen-
erator. Adv. Sustain. Syst. 2(12), 1800085 (2018). https:// doi. 
org/ 10. 1002/ adsu. 20180 0085

 14. H. Cheng, X. He, Z. Fan, J. Ouyang, Flexible quasi-solid state 
ionogels with remarkable seebeck coefficient and high thermo-
electric properties. Adv. Energy Mater. 9(32), 1901085 (2019). 
https:// doi. org/ 10. 1002/ aenm. 20190 1085

 15. D. Zhao, A. Martinelli, A. Willfahrt, T. Fischer, D. Bernin 
et al., Polymer gels with tunable ionic seebeck coefficient for 
ultra-sensitive printed thermopiles. Nat. Commun. 10(1), 1093 
(2019). https:// doi. org/ 10. 1038/ s41467- 019- 08930-7

 16. Z.A. Akbar, J.-W. Jeon, S.-Y. Jang, Intrinsically self-healable, 
stretchable thermoelectric materials with a large ionic seebeck 
effect. Energy Environ. Sci. 13(9), 2915–2923 (2020). https:// 
doi. org/ 10. 1039/ c9ee0 3861b

 17. Y. Fang, H. Cheng, H. He, S. Wang, J. Li et al., Stretchable 
and transparent ionogels with high thermoelectric properties. 
Adv. Funct. Mater. 30, 2004699 (2020). https:// doi. org/ 10. 
1002/ adfm. 20200 4699

 18. C.-G. Han, X. Qian, Q. Li, B. Deng, Y. Zhu et al., Giant thermo-
power of ionic gelatin near room temperature. Science 368(6495), 
1091–1097 (2020). https:// doi. org/ 10. 1126/ scien ce. aaz50 45

 19. B. Kim, J.U. Hwang, E. Kim, Chloride transport in conductive 
polymer films for an n-type thermoelectric platform. Energy 
Environ. Sci. 13(3), 859–867 (2020). https:// doi. org/ 10. 1039/ 
c9ee0 2399b

 20. M. Jeong, J. Noh, M.Z. Islam, K. Kim, A. Sohn et al., Embed-
ding aligned graphene oxides in polyelectrolytes to facilitate 
thermo-diffusion of protons for high ionic thermoelectric fig-
ure-of-merit. Adv. Funct. Mater. 31, 2011016 (2021). https:// 
doi. org/ 10. 1002/ adfm. 20201 1016

 21. Y. Shu, G.O. Odunmbaku, Y. He, Y. Zhou, H. Cheng et al., 
Cation effect of inorganic salts on ionic seebeck coefficient. 
Appl. Phys. Lett. 118(10), 103902 (2021). https:// doi. org/ 10. 
1063/5. 00434 98

 22. Y. Zhang, A. Sohn, A. Chakraborty, C. Yu, Colossal thermo-
hydro-electrochemical voltage generation for self-sustainable 
operation of electronics. Nat. Commun. 12(1), 5269 (2021). 
https:// doi. org/ 10. 1038/ s41467- 021- 25606-3

 23. C. Chi, M. An, X. Qi, Y. Li, R. Zhang et al., Selectively tuning 
ionic thermopower in all-solid-state flexible polymer compos-
ites for thermal sensing. Nat. Commun. 13(1), 221 (2022). 
https:// doi. org/ 10. 1038/ s41467- 021- 27885-2

 24. C. Liu, Q. Li, S. Wang, W. Liu, N.X. Fang et al., Ion regulation 
in double-network hydrogel module with ultrahigh thermo-
power for low-grade heat harvesting. Nano Energy 92, 106738 
(2022). https:// doi. org/ 10. 1016/j. nanoen. 2021. 106738

 25. Q. Jiang, H. Sun, D. Zhao, F. Zhang, D. Hu et al., High ther-
moelectric performance in n-type perylene bisimide induced 
by the soret effect. Adv. Mater. 32(45), 2002752 (2020). 
https:// doi. org/ 10. 1002/ adma. 20200 2752

 26. Y. He, Q. Zhang, H. Cheng, Y. Liu, Y. Shu et al., Role of ions 
in hydrogels with an ionic seebeck coefficient of 52.9 mv  k−1. 

J. Phys. Chem. Lett. 13, 4621–4627 (2022). https:// doi. org/ 10. 
1021/ acs. jpcle tt. 2c008 45

 27. X. He, H. Cheng, S. Yue, J. Ouyang, Quasi-solid state nano-
particle/(ionic liquid) gels with significantly high ionic ther-
moelectric properties. J. Mater. Chem. A 8(21), 10813–10821 
(2020). https:// doi. org/ 10. 1039/ d0ta0 4100a

 28. Y.T. Malik, Z.A. Akbar, J.Y. Seo, S. Cho, S.Y. Jang et al., 
Self-healable organic–inorganic hybrid thermoelectric materi-
als with excellent ionic thermoelectric properties. Adv. Energy 
Mater. 12(6), 2103070 (2021). https:// doi. org/ 10. 1002/ aenm. 
20210 3070

 29. X. Shi, J. He, Thermopower and harvesting heat. Science 371, 
343–344 (2021). https:// doi. org/ 10. 1126/ scien ce. abf33 42

 30. H. Cheng, J. Ouyang, Ultrahigh thermoelectric power gen-
eration from both ion diffusion by temperature fluctuation 
and hole accumulation by temperature gradient. Adv. Energy 
Mater. 10(37), 2001633 (2020). https:// doi. org/ 10. 1002/ aenm. 
20200 1633

 31. H. Cheng, S. Yue, Q. Le, Q. Qian, J. Ouyang, A mixed ion-
electron conducting carbon nanotube ionogel to efficiently har-
vest heat from both a temperature gradient and temperature 
fluctuation. J. Mater. Chem. A 9(23), 13588–13596 (2021). 
https:// doi. org/ 10. 1039/ d1ta0 2869c

 32. Y. Li, Q. Li, X. Zhang, B. Deng, C. Han et al., 3D hierarchical 
electrodes boosting ultrahigh power output for gelatin-KCl-
FeCN4−/3− ionic thermoelectric cells. Adv. Energy Mater. 12, 
2103666 (2022). https:// doi. org/ 10. 1002/ aenm. 20210 3666

 33. N. Sun, H. Liu, B. Xu, Facile synthesis of high performance 
hard carbon anode materials for sodium ion batteries. J. Mater. 
Chem. A 3(41), 20560–20566 (2015). https:// doi. org/ 10. 1039/ 
c5ta0 5118e

 34. Y. Geng, W. Sun, P. Ying, Y. Zheng, J. Ding et al., Bioinspired 
fractal design of waste biomass-derived solar-thermal materi-
als for highly efficient solar evaporation. Adv. Funct. Mater. 
31(3), 2007648 (2020). https:// doi. org/ 10. 1002/ adfm. 20200 
7648

 35. S.L. Kim, J.-H. Hsu, C. Yu, Thermoelectric effects in solid-
state polyelectrolytes. Org. Electron. 54, 231–236 (2018). 
https:// doi. org/ 10. 1016/j. orgel. 2017. 12. 021

 36. G. Xue, Y. Xu, T. Ding, J. Li, J. Yin et al., Water-evaporation-
induced electricity with nanostructured carbon materials. Nat. 
Nanotechnol. 12(4), 317–321 (2017). https:// doi. org/ 10. 1038/ 
nnano. 2016. 300

 37. H. Cheng, Y. Huang, F. Zhao, C. Yang, P. Zhang et al., Spon-
taneous power source in ambient air of a well-directionally 
reduced graphene oxide bulk. Energy Environ. Sci. 11(10), 
2839–2845 (2018). https:// doi. org/ 10. 1039/ c8ee0 1502c

 38. H. Wang, U. Ail, R. Gabrielsson, M. Berggren, X. Crispin, 
Ionic seebeck effect in conducting polymers. Adv. Energy 
Mater. 5(11), 1500044 (2015). https:// doi. org/ 10. 1002/ aenm. 
20150 0044

 39. S. Xiao, C. Chen, Q. Xia, Y. Liu, Y. Yao et al., Lightweight, 
strong, moldable wood via cell wall engineering as a sustain-
able structural material. Science 374(6566), 465–471 (2021). 
https:// doi. org/ 10. 1126/ scien ce. abg95 56

https://doi.org/10.1002/adsu.201800085
https://doi.org/10.1002/adsu.201800085
https://doi.org/10.1002/aenm.201901085
https://doi.org/10.1038/s41467-019-08930-7
https://doi.org/10.1039/c9ee03861b
https://doi.org/10.1039/c9ee03861b
https://doi.org/10.1002/adfm.202004699
https://doi.org/10.1002/adfm.202004699
https://doi.org/10.1126/science.aaz5045
https://doi.org/10.1039/c9ee02399b
https://doi.org/10.1039/c9ee02399b
https://doi.org/10.1002/adfm.202011016
https://doi.org/10.1002/adfm.202011016
https://doi.org/10.1063/5.0043498
https://doi.org/10.1063/5.0043498
https://doi.org/10.1038/s41467-021-25606-3
https://doi.org/10.1038/s41467-021-27885-2
https://doi.org/10.1016/j.nanoen.2021.106738
https://doi.org/10.1002/adma.202002752
https://doi.org/10.1021/acs.jpclett.2c00845
https://doi.org/10.1021/acs.jpclett.2c00845
https://doi.org/10.1039/d0ta04100a
https://doi.org/10.1002/aenm.202103070
https://doi.org/10.1002/aenm.202103070
https://doi.org/10.1126/science.abf3342
https://doi.org/10.1002/aenm.202001633
https://doi.org/10.1002/aenm.202001633
https://doi.org/10.1039/d1ta02869c
https://doi.org/10.1002/aenm.202103666
https://doi.org/10.1039/c5ta05118e
https://doi.org/10.1039/c5ta05118e
https://doi.org/10.1002/adfm.202007648
https://doi.org/10.1002/adfm.202007648
https://doi.org/10.1016/j.orgel.2017.12.021
https://doi.org/10.1038/nnano.2016.300
https://doi.org/10.1038/nnano.2016.300
https://doi.org/10.1039/c8ee01502c
https://doi.org/10.1002/aenm.201500044
https://doi.org/10.1002/aenm.201500044
https://doi.org/10.1126/science.abg9556


Nano-Micro Lett. (2023) 15:101 Page 11 of 11 101

1 3

 40. K. Li, C.M. Clarkson, L. Wang, Y. Liu, M. Lamm et al., Align-
ment of cellulose nanofibers: harnessing nanoscale properties 
to macroscale benefits. ACS Nano 15(3), 3646–3673 (2021). 
https:// doi. org/ 10. 1021/ acsna no. 0c076 13

 41. W. Luo, J. Schardt, C. Bommier, B. Wang, J. Razink et al., 
Carbon nanofibers derived from cellulose nanofibers as a long-
life anode material for rechargeable sodium-ion batteries. J. 
Mater. Chem. A 1, 10662–10666 (2013). https:// doi. org/ 10. 
1039/ c3ta1 2389h

 42. C. Yang, Q. Wu, W. Xie, X. Zhang, A. Brozena et al., Copper-
coordinated cellulose ion conductors for solid-state batteries. 
Nature 598(7882), 590–596 (2021). https:// doi. org/ 10. 1038/ 
s41586- 021- 03885-6

 43. R. Takouachet, R. Benali-Cherif, E.-E. Bendeif, N. Benali-
Cherif, S. Pillet et al., Structural analysis and IR-spectroscopy 
of a new anilinium hydrogenselenite hybrid compound: a 
subtle structural phase transition. Inorganica Chim. Acta 446, 
6–12 (2016). https:// doi. org/ 10. 1016/j. ica. 2016. 02. 047

 44. J. Kamcev, D.R. Paul, G.S. Manning, B.D. Freeman, Ion 
diffusion coefficients in ion exchange membranes: signifi-
cance of counterion condensation. Macromolecules 51(15), 
5519–5529 (2018). https:// doi. org/ 10. 1021/ acs. macro mol. 
8b006 45

 45. D. Aryal, V. Ganesan, Reversal of salt concentration depend-
encies of salt and water diffusivities in polymer electrolyte 
membranes. ACS Macro Lett. 7(6), 739–744 (2018). https:// 
doi. org/ 10. 1021/ acsma crole tt. 8b003 33

 46. G. Chen, T. Li, C. Chen, W. Kong, M. Jiao et al., Scalable 
wood hydrogel membrane with nanoscale channels. ACS Nano 
15(7), 11244–11252 (2021). https:// doi. org/ 10. 1021/ acsna no. 
0c101 17

 47. C. Cho, B. Kim, S. Park, E. Kim, Bisulfate transport in hydro-
gels for self-healable and transparent thermoelectric harvest-
ing films. Energy Environ. Sci. 15, 2049–2060 (2022). https:// 
doi. org/ 10. 1039/ d2ee0 0341d

https://doi.org/10.1021/acsnano.0c07613
https://doi.org/10.1039/c3ta12389h
https://doi.org/10.1039/c3ta12389h
https://doi.org/10.1038/s41586-021-03885-6
https://doi.org/10.1038/s41586-021-03885-6
https://doi.org/10.1016/j.ica.2016.02.047
https://doi.org/10.1021/acs.macromol.8b00645
https://doi.org/10.1021/acs.macromol.8b00645
https://doi.org/10.1021/acsmacrolett.8b00333
https://doi.org/10.1021/acsmacrolett.8b00333
https://doi.org/10.1021/acsnano.0c10117
https://doi.org/10.1021/acsnano.0c10117
https://doi.org/10.1039/d2ee00341d
https://doi.org/10.1039/d2ee00341d

	Ion–Electron Coupling Enables Ionic Thermoelectric Material with New Operation Mode and High Energy Density
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Preparation of CPP-BMIM:Cl
	2.3 Performance Characterization of CPP900, CPP900-BMIM:Cl and CPP500-BMIM:Cl (Hereinafter Referred to as CPPs)
	2.4 Material Characterization

	3 Results and Discussion
	4 Conclusions
	Acknowledgements 
	Anchor 13
	References




