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Double Hydrogen-bonding Reinforced High-Performance 
Supramolecular Hydrogel Thermocell for Self-powered 
Sensing Remote-Controlled by Light
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Weiwei Zhang, Yuming Guo, Peiyi Wu,* and Zhiguo Hu*

Non-contact human-machine interaction is the future trend for wearable 
technologies. This demand is recently highlighted by the pandemic of coro-
navirus disease (COVID-19). Herein, an anti-fatigue and highly conductive 
hydrogel thermocell with photo-thermal conversion ability for non-contact 
self-powering applications is designed. Double hydrogen-bonding enhanced 
supramolecular hydrogel is obtained with N-acryloyl glycinamide (NAGA) 
and diacrylate capped Pluronic F68 (F68-DA) via one-step photo-initiated 
polymerization. The supramolecular hydrogel can accommodate saturated 
electrolytes to fulfill the triple function of ionic crosslinking, heat-to-electricity 
conversion, and light response of thermocell. Eminently, the thermocell 
stands out by virtue of its high seebeck coefficient (-2.17 mV K-1) and extraor-
dinary toughness (Fatigue threshold ≈ 3120 J m-2). The self-powering ability 
under the control of light heating is explored, and a model of a non-contact 
“light-remoted” sensor with self-powered and sensing integrated perfor-
mance remote-controlled by light is constructed. It is believed that this study 
will pave the way for the non-contact energy supply of wearable devices.
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sustainable power sources to satisfy the 
booming market for wearable systems.[1–5] 
Consequently, various flexible self-pow-
ered energy conversion devices such as 
triboelectric nanogenerators,[6,7] piezoionic 
mechanoreceptors,[8] hydrovoltaic power 
generators [9] and thermocell[10–12] have 
been developed for wearable applica-
tions. Among them, quasi-solid ther-
mocells are the state-of-art option because 
they are advantageous in harvesting 
low-grade energy from environment to 
generate electricity,[13] mimicking the con-
tinuous energy conversion in biological 
systems,[14,15] they eliminate the leakage 
risk of liquid electrolytes[16] and match 
mechanical properties with biological 
issues.[17] Thermoelectric conversion of 
low-grade heat from abundant thermal 
sources is crucial for the development of 
the Internet of Things and a carbon-free 
society.[18] However, the working principles 

of currently reported quasi-solid thermocells passively rely on 
the contact of heat suppliers, severely limiting their non-contact 
applications. Therefore, it is highly desirable to develop self-
powered devices for active control remotely.

Recently, photothermal therapy has been widely studied in 
biomedical field. Non-invasive treatment can achieve by intro-
ducing a photothermal agent in vivo and convert light energy 
into heat under the irradiation of an external light source.[19] 
The light with a wavelength within the near-infrared-II window 
(NIR-II, 1000–1700 nm) is the ideal choice by virtue of less scat-
tering and tissue absorption in living tissue.[20,21] The ferrocya-
nide ion ([Fe(CN)6]4−) or Fe3+ ion coordination compound has 
been reported as an effective photothermal agent for NIR photo-
thermal therapy.[22–24] But the photothermal effect of [Fe(CN)6]4− 
ion coordinate with hydrogel network still remains to explore. 
Therefore, inspired by the principle of photothermal therapy, 
this work intends to design quasi-solid hydrogel thermocells 
coordinate with the [Fe(CN)6]3−/[Fe(CN)6]4− redox couple. We 
expect the [Fe(CN)6]3−/[Fe(CN)6]4− redox couple can undertake 
the dual role of thermo-electric ions and photo-thermal element 
for the purpose of self-powering remote-controlled by light.

On the other hand, ideal quasi-solid thermocells pursue 
for high output power density and robust mechanical proper-
ties. Although organohydrogel with freeze-tolerant ability and 
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1. Introduction

Advances in the integration of electronics have raised demand 
on the urgent need for eco-friendly, mechanically adaptable, 
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ionogel[12,25] with giant thermopower have been developed, the 
inherent trade-off between ion conductivity and mechanical 
properties for the quasi-solid ionic materials are still intrac-
table to overcome.[26,27] Researchers are devoting new efforts 
to anti-fatigue resistance quasi-solid materials to accommodate 
high-concentration electrolytes. However, the current reported 
tough gel electrolytes need complicated manufacturing pro-
cesses to get high mechanical performance. Such as two steps 
polymerization to obtain double network hydrogel,[28] long-time 
freeze-thaw cycles for structure training of hydrogel.[14,29] It is 
imperative to develop more simple and convenient methods to 
design remote-controllable, anti-fatigue, high-performance, and 
eco-friendly thermocells toward next-generation energy supply 
for non-contact human-computer interaction.

To overcome the above challenges, we demonstrate a simple 
approach to fabricate a remotely controllable thermocell 
with supramolecular hydrogel. The hydrogels are made of 
poly (N-acryloyl glycinamide) (PNAGA) as percolating phase 
and F68-DA as a macromolecule photo-crosslinker via a one-
step photoinitiated reaction. In the PNAGA-F68 hydrogel, 
highly stable hydrogen-bonded interaction domains can be 
formed among the side dual-amide chain, this strong phys-
ical crosslinking amplifies the hydrogen bonding interactions 
between amino acid residues in the hydrogel and ultimately 
translate them into the dominant mechanical enhancement 
mechanism.[30] In addition, it has been known for decades 
that linear polyether-based electrolytes possess strong dissocia-
tion capability of alkali metal salt and can complex with alkali 
metal ions, thus enhancing the electrochemical performance of 
polymer electrolyte.[31–34] Thus we anticipate that abundant pol-
yethylene oxidesegments of F68 chain can capture metal ions 
to improve thermocell performance and weaken the hydrogen 
bonding among PNAGA chains endowing the PNAGA-F68 
hydrogel excellent flexibility. The obtained hydrogel was finally 
immersed in saturated K4[FeCN6]/K3[FeCN6] aqueous solution 
and coordinated with ether oxygen atoms of hydrogel matrix to 
construct light response self-powering thermocells.

2. Results and Discussion

2.1. Design of the Light-Controllable PNAGA-F68  
Supramolecular Thermocell

The design principle for the PNAGA-F68 supramolecular ther-
mocell is exhibited in Figure  1a. First, NAGA is synthesized 
following the reported method.[30] The chemical structure of 
NAGA and F68-DA are determined by 1H nuclear magnetic 
resonance (Figures S1 and S2, Supporting Information). The 
sodium chloride (NaCl) aqueous solution was selected as a reac-
tion solvent. The PNAGA-F68 supramolecular hydrogel was fac-
ilely obtained by ultraviolet (UV) irradiation of the precursor for 
5 min. This preparation speed is far higher than the reported 
thermocell materials.[12,18,28] The existence of saline ions in the 
hydrogel can provide ionic conductivity and enhance mechan-
ical strength.[35,36] Compared with previously reported methods 
by soaking the obtained hydrogel in NaCl solution, the one-pot 
preparation in NaCl aqueous solution can not only simplify the 
preparation procedure but is also beneficial to obtain a more 

uniform reinforcement structure for stable ion transport. A 
series of PNAGA-F68 supramolecular hydrogels were prepared 
in NaCl aqueous solutions of various concentrations. The strain 
stress curves of PNAGA-F68 supramolecular hydrogels are 
provided in Figure S3 (Supporting Information). The PNAGA-
F68 supramolecular hydrogels prepared in 1 m NaCl with high 
strength and outstanding stretchability are selected for further 
study. The PNAGA-based hydrogel is known as a high-strength 
supramolecular network reinforced by strong intermolecular 
hydrogen bonding.[30] The abundant ether linkage on F68 chain 
can capture Na+ to equip the hydrogel with excellent electrical 
conductivity and stability[34] (Figure  1b). For the preparation 
of thermocell, the PNAGA-F68 hydrogel was immersed in 
K4[FeCN6]/K3[FeCN6] aqueous solution for solvent exchange. 
Due to the coordinate of K+ ions and ether linkage of F68 
polymer chains, the strength of thermocell increases with 
the concentration of K4[FeCN6]/K3[FeCN6] aqueous solution 
(Figure S4, Supporting Information). Benefiting from strong 
intermolecular hydrogen bonding and metal ionic complexa-
tion, the PNAGA-F68 supramolecular hydrogel is tough enough 
to accommodate high-concentration ions. No obvious change in 
the PNAGA-F68 hydrogel can be observed even soaked in satu-
rated K4[FeCN6]/K3[FeCN6] solution for one month (Figure S5, 
Supporting Information). Besides, the hydrogel network can be 
further reinforced by the volume shrinkage of the PNAGA-F68 
supramolecular hydrogel loaded with K4[FeCN6]/K3[FeCN6] that 
can enrich the hydrogen bonding density, triggering the self-
strengthening of hydrogel network.[37] Therefore, the PNAGA-
F68 supramolecular hydrogel thermocell holds outstanding 
mechanical strength. The storage (G’) and loss moduli (G’’) 
versus frequency for the PNAGA-F68 supramolecular hydrogel 
and thermocell were exhibited in Figure 1c. From the observa-
tion that G′ greater than G″, it can be concluded that hydrogel 
and thermocell keep stable solid-like gel behavior over the 
entire measured frequency range. Especially, the G′ and G″ of 
PNAGA-F68 thermocell are five times and ten times respec-
tively higher than the PNAGA-F68 supramolecular hydrogel, 
indicating that the strength of thermocell is significantly 
improved compared with hydrogel.

The formation of hydrogel network can confirm by FTIR 
results (Figure S6, Supporting Information). The amido bonds 
of pure NAGA are located at 1550 cm−1, while the carbonyl 
groups of NAGA are located at 1645 cm−1. The amido bonds 
among the side dual-amide chains and the carbonyl groups 
in PNAGA-F68 appear at the same location respectively. The 
symmetric stretching vibration of methyl located at 2878 cm−1 
in pure F68 can also observe in PNAGA-F68, indicating the 
successful synthesis of PNAGA-F68 hydrogel. Scanning elec-
tron microscopy images (SEM) reveal the morphology of 
PNAGA-PF68 thermocell (Figure  1d). The thermocell net-
work is composed of micron-sized networks ≈5  µm. Due to 
the ionic interaction, the K4[FeCN6]/K3[FeCN6] is uniformly 
distributed on the sidewall of the thermocell network. It pro-
vides a guarantee for stable thermal ionic transport. Figure S7 
9 (Supporting Information) shows the XRD spectra of pure 
K3Fe(CN)6, K4Fe(CN)6, and the dried PNAGA-F68 thermocell. 
Through comparative analyses, the crystalline peak (2θ  = 22o) 
is attribute to K3Fe(CN)6 and K4Fe(CN)6, the crystalline peak 
(2θ  = 29o, 32o, 41o) belong to K3Fe(CN)6, the crystalline peak 
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(2θ = 35o, 44o) belong to K4Fe(CN)6 . We can also see the crys-
talline peak (2θ = 31o, 78o) of NaCl in the XRD spectra of ther-
mocell. These results can explain for the crystalline compounds 
observed in the SEM images.

2.2. Thermoelectric Properties and Stability of the Thermocell

A prototype thermocell was constructed with 0.3 mm diameter 
platinum wires as electrode. The thermocell was sealed by VHB 
tape (3M 4905) to prevent water loss. As shown in Figure 2a, 
the self-powering ability is related to the redox reaction and 
ion diffusion in thermocell. On one hand, the hydrogel matrix 
is a host of the salt ions and K4[FeCN6]/K3[FeCN6] electrolyte. 
The seebeck coefficient (Se) is determined by the synergy of 
the thermogalvanic effect of the redox [Fe(CN)64−/Fe(CN)63−] 
couple and the Soret effect of the mobile ions (Na+, Cl−, etc).[38] 
On the other hand, the ionic transport of thermocell is influ-
enced by ion-matrix interactions.[39] The ether oxygen atoms 
of PEO segments on F68 can capture Na+ and K+ to form ion 
complexation, thus improving the thermocell performance. It 
is reported that the thermal conductivity of thermocell is related 
to intermolecular hydrogen bonding. The thermal conductivity 
of PVA-based thermocells [14,29] is better than double-network 

P(AM-co-AMPS) hydrogels thermocell [28] and gelatin-based 
thermocells.[10] This is because the hydrogen bonding among 
PVA polymer chains higher than that in gelatin or P(AM-
co-AMPS) hydrogels. For our PNAGA-F68 supramolecular 
hydrogel, the hydrogen-bonding supramolecular network can 
construct a stable and efficient thermal conductivity channel, 
assuring its outstanding thermoelectric properties.

The thermopower of the thermocell is measured on a self-
made temperature gradient platform (Figure S8, Note S1, Sup-
porting Information). We tested the thermocell with different 
NaCl concentrations, the maximum Se (1.76  mV K−1) was 
obtained by the sample prepared in 1 m NaCl (Figure 2b). The 
Se of the thermocell show negligible variation when the tem-
perature gradients gradually increase from 5 to 45, indicating 
its stable ion transport (Figure S9, Supporting Information). 
During the increase in temperature difference, it shows an 
almost linear increase in thermovoltage (Figure 2c). The ionic 
thermopower of the thermocell is calculated to be −2.17 mV K−1,  
which is 1.45 times higher than the value (−1.5  mV K−1) for 
state-of-the-art n-type anti-fatigue quasi-solid thermocells.[14,29] 
Furthermore, the effective ionic conductivity (σeff) is ≈7.0 S m−1 
at room temperature (298 K) and achieves as high as 8.9 S m−1 
when the temperature elevates to 323 K (Figure 2d). Compared 
with previously reported quasi-solid thermocells (σeff ranging 
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Figure 1. The design principle for PNAGA-F68 supramolecular hydrogels. a) Schematic for the synthesis of the PNAGA-F68 hydrogel thermocell. First, 
the hydrogel is prepared by copolymerization of the NAGA monomer and F68 crosslinker using UV-initiated free radical polymerization. Then the 
thermocell is prepared by soaking the hydrogel in electrolyte for 30 min. b) Storage (filled symbols) and loss (open symbols) moduli versus frequency 
for the PNAGA-F68 hydrogel and thermocell. c) FESEM images of the thermocell after being freeze-dried. The right image is the enlarged view of the 
marked rectangular area of the marked rectangular area.



www.afm-journal.dewww.advancedsciencenews.com

2211720 (4 of 9) © 2023 Wiley-VCH GmbH

from 0.1–1 S m−1), the σeff of PNAGA-F68 supramolecular 
hydrogel thermocell with saturated K4[FeCN6]/K3[FeCN6] elec-
trolytes increase by one or two orders of magnitude, and exceed 
1.5 times higher than the highest level anti-fatigue thermocell 
(Table S1, Supporting Information). We attribute the high σeff to 
the ion-matrix interaction via hydrogen bonds throughout the 
thermocell network. The thermopower and effective ionic con-
ductivity of PNAGA hydrogel are much smaller than PNAGA-
F68 hydrogel at different temperature gradients (Figures S10 
and S11, Supporting Information). This result is a good valida-
tion of our previous viewpoint that F68 segments can improve 
the electrochemical performance of thermocell effectively.

As shown in Figure  2e, the short-circuit current density is 
5.8 A m−2 at a temperature difference of 10 K and increased to 

16.0 A m−2 at a 40 K temperature difference. The output open-
circuit voltage is ≈86  mV at a 40 K temperature difference. 
According to the relationships between current and voltage, 
the normalized output power density (Pmax/(∆T)2) is calculated 
to be 0.23  mW m−2 K−2 at a temperature difference of 40 K 
(Note S2, Supporting Information). This result is comparable 
to the highest record of anti-fatigue quasi-solid thermocell 
(Table S2, Supporting Information; 0.22 mW m−2 K−2). To prove 
the working stability of the hydrogel thermocell, the output 
voltage and current during deformation were monitored. The 
test was performed at an ambient temperature of 298 K, a 
12 K temperature difference was provided through heating one 
terminal of the thermocell by a DC power supply. The length, 
width, and thickness of the thermocell used for about stability 
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Figure 2. a) Schematic illustration of the diffusion and redox reaction of thermocell under the temperature gradient. b) Seebeck coefficient of the 
thermocells with different NaCl concentrations. c) Thermopower of the PNAGA-F68 thermocell at different temperature gradients. d) Effective ionic 
conductivity of the PNAGA-F68 thermocell at different temperature gradients. e) Current density-voltage curves of the thermocell and the corresponding 
power densities at different temperature gradients. f) The output voltage and current plots of our thermocell when being bended (90o angle), stretched 
(20% strain), and twisted. The temperature difference is 10 K. g) Photographs of the thermocell showing their ability to withstand bending, stretching, 
and twisting.
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test are ≈2.4 cm, 0.4 cm, and 0.2 cm respectively. As shown in 
Figure 2f, the output voltage and current are ≈25 mV and 55 µA 
respectively. To simulate the diversified mechanical deformation 
that might be encountered in wearable applications, the ther-
mocell experienced bending, stretching, and multiple twisting 
repeatedly (Figure  2g). The thermocell can maintain constant 
output voltage and current when being bended or twisted. This 
result indicated the thermocell can resist multidimensional 
deformation due to its hydrogen-bonding supermolecule net-
work. Remarkably, when the thermocell is stretched for 20% 
that can induce resistance increase and current decrease for the 
reported quasi-solid thermocells,[14,28] the PNAGA-F68 supra-
molecular hydrogel thermocell can still maintain stable output 
voltage and negligible current decrease. This result further 
evidences the excellent ion transmission stability of our ther-
mocell due to the intermolecular hydrogen bonding throughout 
the polymer matrix and metal ions captured by ether linkage of 
F68 chain.

2.3. Mechanical Properties of the Thermocell and  
Comprehensive Comparison

In the PNAGA-F68 supramolecular hydrogel, covalent bonds 
formed between PNAGA and F68 chains are responsible for 
energy dissipation and maintain the hydrogel network during 
the strain deformation process. The ionic bonds and intra-
molecular hydrogen bonds can dissipate energy effectively 
in the initial stage of deformation and increase the strength 

of the hydrogel. One piece of the thermocell with a thickness 
of 1.2  mm and a width of 2.8  mm could lift 2000  g weight 
repeatedly without fracture, indicating its high strength and 
extraordinary toughness (Figure 3a). The Young's modulus of 
PNAGA-F68 supramolecular hydrogel increases from 0.6 MPa 
to 2.6  MPa after loading with saturated K4[FeCN6]/K3[FeCN6] 
electrolyte (Figure 3b). This Young's modulus is comparable to 
the highest record of anti-fatigue thermocell (2.5  MPa) that is 
made via long-time freeze-thaw cycles for structure training.[14] 
The elongation-at-break of the thermocell is ≈355%, this 
stretchability guarantees the accommodation of the human 
body's deformation, usually <200%.[40,41] Under cyclic stretch 
to a strain of 50% at a fixed strain rate of 50  mm min−1, the 
thermocell show negligible dissipated energy and hysteresis 
over hundreds of cycle (Figure 3c). It suggests no evident rup-
ture of physical or covalent bonds of thermocell at the initial 
stage of strain. In order to identify the role of F68 segments, 
the mechanical property of PNAGA hydrogel is provided in 
Figure S12 (Supporting Information). For comparison, the 
PNAGA-F68 hydrogel or thermocell possesses better mechan-
ical intensity than PNAGA due to the covalent crosslink 
(Table S3, Supporting Information).

The anti-fatigue of thermocell was evaluated upon cyclic 
load/unload tensile tests following the reported test proce-
dures (Figure S13, Movie S1, Note S3, Supporting Informa-
tion).[42,43] The elongation at break of notched thermocell is 
≈135% (Figure S14, Supporting Information). The cyclic stress-
strain tests of notched thermocell were measured with a strain 
≈130% (λ  = 1.1, 1.2, 1.3, 1.35, and 1.4, Figure S15, Supporting 
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Figure 3. a) The pictures of thermocell used for heavy object lifting demonstration. b) The nominal stress-strain curves of the PNAGA-F68 hydrogel 
and thermocell. c) Cyclic nominal stress-strain curves of the thermocell. The strain rate is 50 mm min−1. d) Extension of crack per cycle of the ther-
mocell as a function of the energy release rate. e) A comprehensive comparison among the quasi-solid thermocells based on the PNAGA-F68 network 
(this work), and the existing other quasi-solid thermocell materials. Including [Fe(CN)6]3−/[Fe(CN)6]4−/CMC, Fe3+/Fe4+/P(AM-DMAEA-Q), [Fe(CN)6]3−/
[Fe(CN)6]4−/PVA, [Fe(CN)6]3−/[Fe(CN)6]4−/cellulose thermocells, and an anti-fatigue quasi-solid thermocell with the highest-recorded mechanical tough-
ness/strength ([Fe(CN)6]3−/[Fe(CN)6]4−/isotropic PVA).[14,15,25,44,45]



www.afm-journal.dewww.advancedsciencenews.com

2211720 (6 of 9) © 2023 Wiley-VCH GmbH

Information), and the strain rate of the test was fixed at 
0.08 s−1. Fatigue threshold of our thermocell was calculated to 
be ≈ 3120 J m−2 (Figure 3d). This value is significantly higher 
than the existing quasi-solid thermocells and even much higher 
than the highest record anti-fatigue thermocell (2500 J m−2). A 
comparison of the mechanical properties (fatigue threshold, 
and strength) among our thermocell and existing quasi-solid 
thermocells is listed in Table S4 (Supporting Information). 
The remarkable fatigue resistance is due to the intramolecular 
hydrogen bond serving as a strong barrier to crack extension. 
We make a comprehensive comparison of the mechanical prop-
erties and thermoelectric properties among the quasi-solid ther-
mocells based on the PNAGA-F68 supramolecular hydrogel and 
the existing other quasi-solid thermocell materials (Figure  3e; 
Tables S1, S2, and S4, Supporting Information).[14,15,25,44,45] 
Overall, our material shows the optimal comprehensive perfor-
mance among existing quasi-solid thermocells.

2.4. Self-Powering Ability of Thermocell via Harvesting  
Low-Grade Heat

The effective series connection between thermocell units can 
achieve through electrolytes and electrodes. To prove the scala-
bility of the hydrogel thermocell application, thermocells of dif-
ferent units are connected in series. In this case, the thermocell 
was tailored into cube structure elements (the element size is 
≈ 4.0 mm × 4.0 mm × 2.5 mm). The thermocell elements were 
fixed in 3D printed elastic frames (5.0 mm × 5.0 mm × 1 mm), 

and then connected via copper electrode sheets, which were 
then encapsulated with VHB 4095 tape. Figure  4a shows an 
increase in output voltage with the increase of thermocell ele-
ments. At a temperature difference of 20 K, the output voltage 
increase from ≈ 0.05  V to 0.85  V when the single thermocell 
assembles into 20 units array. The output voltage of thermocell 
array is less than the sum of single elements, probably because 
of the resistive losses at electrode connections. In Figure  4b, 
the 20-unit thermocell array was put on a human hand at an 
ambient temperature of ≈15 °C (the temperature difference of 
thermocell supplied by a human hand is ≈20 K). The output 
voltage recorded in real-time by a multimeter can reach 0.848 V 
within 5 s (Movie S2, Supporting Information). This thermocell 
with larger arrays has the potential to drive devices by human 
body heat for future wearable applications.

For a proof-of-concept demonstration, the thermocell was 
connected with a voltage amplifier and led (Figure  4c). To 
simulate actual application scenarios, we use the thermocell to 
control the power supply of a simple intelligent home proto-
type. Without a heat supply, the house has no electricity supply 
(Figure  4d), the house could be lightened up via heat on one 
side of the thermocell by a finger for 3 s, indicating the excel-
lent heat conduction of the thermocell (Figure 4e). Even when 
the finger moved away, the light can last for 15 s before shutting 
down (Figure 4f). This is because the redox reaction of electro-
lyte triggered by human body heat was still proceeding until 
the temperature difference between two sides of the thermocell 
disappeared. The pictures in Figure 4d–f are screenshots from 
Movie S3 (Supporting Information).

Adv. Funct. Mater. 2023, 2211720

Figure 4. a) The output voltage of thermocell arrays with different thermocell units. Data are presented as mean ± SD, n = 5. The size of every ther-
mocell element is ≈ 4.0 mm × 4.0 mm × 2.5 mm. b) Schematic diagram of the thermocell array with 20 units assembled on hand back for human 
heat harvesting. c) Schematic illustration of the hydrogel thermocell connected with a voltage amplifier to light up LEDs via harvesting low-grade heat. 
d–f) The thermocell triggered by finger heat to light up a craft house.
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2.5. Self-Powered and Sensing Integrated-Function Remote 
Controlled by Light

Via importing K4[FeCN6]/K3[FeCN6] electrolyte ions as photo-
thermal response elements to form ion coordinate with hydrogel 
network, the thermocell possesses obvious absorption in NIR-II 
region (Figure S16, Supporting Information). We conclude that 
the PEO segment of polymer hydrogel can complex with K+ to 
form a stable crown-ether structure[46] and the free thermoelec-
tric ions ([Fe(CN)6]/K3[Fe(CN)6]) exist in the hydrogen-bonded 
interaction channel of PNAGA-F68 hydrogel that can enhance 
the photo-thermal conversion ability of thermocell. The tem-
perature gradient of the thermocell can be generated by remote 
light control through photothermal conversion, and the heat 
was simultaneously converted into electricity via thermoelectric 
conversion. This photo-thermal-electric working principle put 
forward a brand-new way to actively control the energy supply 
of intelligent devices. In this way, the non-contact human-
computer interaction could be realized (Figure  5a). We first 
use the thermocell as an electrical switch by remote optical 
control. Under the irradiation of a 1064  nm diode laser,  the 
simple house prototype can switch from power on to power off 
(Figure 5b). As exhibited in Movie S4 (Supporting Information),  

the house can be powered on within 5 s of irradiation at a 
power of 0.78 W. Furthermore, the physical significance of tem-
perature is a reflection of the average kinetic energy of micro-
scopic particles in an object. With the increase in temperature, 
the kinetic energy of the thermocell goes up, the ions move 
faster through the hydrogel networks. As a result, the conduct-
ance increases with temperature increments. Based on this 
theory, the thermocell was used as a self-powering intelligent 
skin sensor assembled on an artificial hand. The conductance 
signals were recorded by an LCR meter. Through the active 
control of NIR-II light irradiation, the conductance produces 
regular signal fluctuations (Figure  5c). Movie S5 (Supporting 
Information) records the conductance increase process of ther-
mocell. We can infer that, by changing the wavelength, power, 
and irradiation time of light, different changes of conductance 
signals can be generated, which can carry out various informa-
tion transmissions.

To clarify the rule of thermocell photothermal conversion, the 
interaction between light irradiation and temperature was inves-
tigated. Through remote NIR-II light control (1064  nm), the 
thermocell shows real-time feedback with temperature increase. 
The laser was shone on the samples for 150 s, the samples 
were then left for natural cooling. The conductance response 

Figure 5. a) Schematic illustration of the non-contact control of the thermocell by light. b) Non-contact power supply of the thermocell remote-
controlled by light. c) Non-contact information transmission of the self-powering ionic skin sensor remote-controlled by light. d–f) Temperature versus 
time profiles of the thermocell exposed to 1064 nm NIR-II light with various power. g) A comparison of temperature increment of the thermocell and 
hydrogel by remote NIR-II light irradiation at different power. The data is the average value of the three test cycles. h) The time-dependent conduct-
ance changes of the thermocell at different powers. i) Practical application of the thermocell used as a self-powered sensor to recode and transmit the 
dialogue signal of “HOW ARE YOU”.
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amplitude can adjust by controlling light intensity.   At a fixed 
power of 0.52 W, when the thermocell was irradiated by NIR-II 
laser for 150 s, the thermocell temperature increased from 25 °C 
to ≈37 °C (Figure 5d). When the power was increased to 0.78 W, 
the thermocell temperature increased from 25  °C to ≈48  °C 
within 150s (Figure  5e). By further increasing the power to 
1.04 W, the temperature increased sharply to ≈57 °C (Figure 5f). 
In comparation, the temperature increments of PNAGA-F68 
hydrogel are 4 °C, 7 °C, and 9 °C respectively with 150 s of light 
heating. When the laser shut down, the thermocell can return 
to room temperature by natural cooling within 4 min, while the 
temperature of hydrogel descends at a very slow rate and can 
hardly return to room temperature in 10 min. This is because 
hydrogels have weak absorbance in NIR-II region,[47] but the 
thermocell has an excellent photo-thermal effect in NIR-II 
region. The photo-thermal test was repeated for three times and 
the cyclic test results further confirm the stable photo-thermal 
conversion ability of the thermocell (Figure  5g), an almost 
linear relationship between the temperature and light irradiate 
time are also observed, matching well with the temperature-
voltage relationship in Figure 2c.

The unique non-contact self-powered ability of the ther-
mocell is well demonstrated when integrated into a conduct-
ance sensor. At a fixed light application time, through an 
increase in the power of laser, the time-dependent conductance 
changes of the thermocell show a gradual increase (Figure 5h). 
By this means, we can send different signals through power 
changes. Besides, the conductance signal fluctuations can also 
provide by changing light irradiation time at a fixed power. In 
actual application scenarios, human beings can encrypt what 
they want to “say” by remotely controlling the thermocell to 
generate visual conductance signals in the form of International 
Morse Codes(Figure S17, Note S4, Supporting Information).[47] 
The encrypted information can be non-contact transformed 
to the detector terminal with real-time feedback. For instance, 
the information “HOW ARE YOU” was remotely transmitted 
successfully to the detector terminal by our device (Figure 5i). 
Overall, our thermocell provides a valid way for non-contact 
human-computer interaction, promising its wide potential 
applications in wearable electronics. The combining of photo-
response, as well as thermoelectric effect, can meet the intel-
ligence and programmability demand of hydrogel materials for 
next-generation multi-function integrated applications. In the 
future, it is hopeful to realize the transmission of some instruc-
tions through optical remote control, triggering the behavior of 
soft robots, etc.

3. Conclusion

In summary, this work develops a simple approach to design 
PNAGA-F68 supramolecular hydrogel as quasi-solid ther-
mocells with mechanical anti-fatigue and excellent thermoelec-
tric properties. The thermocell shows a fatigue toughness of 
3120 J m−2, strain Young's modulus of 2.6 MPa, and an output 
power density of 0.23 mW m−2 K−2 at a temperature difference 
of 40 K, which is superior to the highest record of recently 
reported anti-fatigue thermocells. As an extra merit, the loading 
of saturated K4[Fe(CN)6]/K3[Fe(CN)6] redox couple empowers 

the thermocell with excellent NIR-II absorbance and photo-
thermal effect. An almost linear relationship between the light 
irradiate time, temperature, and thermovoltage is observed. On 
the basics of such excellent properties, an electrical switch and 
self-powering sensor remote-controlled by light are demon-
strated. By this means, a sustainable energy supply for wear-
able devices via non-contact light control is realized. We believe 
our general idea of preparing supramolecular hydrogel by 
one-step photoinitiation as a new design dimension may also 
apply to other quasi-solid thermocell materials. The design of a 
light-response thermocell will provide new inspirations for the 
non-contact applications of wearable devices in the context of 
COVID-19.

4. Experimental Section
The Preparation of PNAGA-F68 Hydrogel Thermocell: NAGA monomer 

and F68-DA were dissolved in NaCl solution at different concentrations 
with a mass ratio of 4:1, the total solid content of NAGA and F68-DA 
is fixed at 40 wt.%. Then the photoinitiator 2959 (1.0 % mol relative to 
NAGA) was added to the solution. The precursor solution was poured 
into a tetrafluoroethylene mold immediately, followed by exposure to 
a UV source (Ergu Photoelectric, RX1K300, 365 nm, 1  kW, the distance 
between the lamp and reactants was 25 cm). After that, the as-prepared 
PNAGA-F68 hydrogel was soaked in the saturated K4FeCN6/K3FeCN 
saturated solution (1:1 mol) for 30 min.

Photothermal Tests of the Thermocell at Different Light Powers: One end of 
the thermocell was connected with a thermocouple to record temperature 
in real time. Photothermal tests were performed under irradiation of a 
1064  nm diode laser (Hite Optoelectronics Co., LTD., FLMM-1064-761-
016  W). The laser export was transmitted by a 5  mm diameter optical 
fiber. The entire photothermal test process was recorded on video. The 
temperature versus time profiles of the thermocell exposed to 1064  nm 
NIR-II light with various power were read from video and drawn by Origin 
9.0. Photothermal sensing tests were performed under irradiation of a 
1064 nm diode laser at 0.52 W. Conductance signals were received by an 
LCR meter (TH2830) controlled by a customized LabView program.

Details of the materials used and more experimental methods could 
be found in the Supporting Information. All human skin-attachment 
experiments conducted with the volunteer (the second author) were 
approved by the Academic Ethics and Ethics Committee of Henan 
Normal University (NO. HNSD-HXXY-2222BS1010). These experiments 
had no physical or physiological effects on people, and the authors did 
not seek or receive identifiable private information. The hands shown in 
the figures were those of L.M., who gave consent for these images to 
appear here.
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