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Abstract: To develop wearable and implantable bioelectronics accommodating the dynamic and
uneven biological tissues and reducing undesired immune responses, it is critical to adopt batteries with
matched mechanical properties with tissues as power sources. However, batteries available cannot
reach the softness of tissues due to high Young’s moduli of components (e. g., metals, carbon
materials, conductive polymers or composite materials). The fabrication of tissue-like soft batteries
thus remains a challenge. Here we report the first ultrasoft batteries totally based on hydrogels. The
ultrasoft batteries exhibited Young’s moduli of 80 kPa, perfectly matching skin and organs (e. g.,
heart). The high specific capacities of 82 mAh-g" in all-hydrogel lithium-ion batteries and 370 mAh-g°
"in all-hydrogel zinc-ion batteries at a current density of 0.5 A-g” were achieved. Both high stability
and biocompatibility of the all-hydrogel batteries had been demonstrated upon the applications of
wearable and implantable. This work illuminates a pathway for designing power sources for wearable
and implantable electronics with matched mechanical properties.

1. Introduction

Wearable and implantable bioelectronics are of great significance in the diagnosis, alleviation and
treatment of human diseases.™ The power unit is essential for the realization of these functions.’®”!
Due to the advantages of both high energy density and cyclability, batteries are the first choice for
the power unit among various energy storage systems.”®® The application scenario in wearable and
implantable bioelectronics thus requires matched mechanical properties (e.g., Young’s moduli) of
the batteries with biological tissues.'>*? On the one hand, it enables stable and close contact with
the uneven surface of tissues under dynamic deformations without any mechanical loading, which is
beneficial for the continuous and proper functioning of bioelectronics.”*** On the other hand, the
physical irritation and damage to the tissue can be relieved with matching mechanical properties,

thus alleviating the undesirable immune response and health hazard."®® Therefore, it is crucial to

design tissue-like soft batteries to develop wearable and implantable bioelectronic devices.
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So far, research efforts have been intensively devoted to reducing Young’s moduli of the batteries.
However, the outcome to date is far from satisfactory.?>*? The original batteries were based on
metal and were intrinsically bulky, rigid and undeformable with Young’s moduli of 10’—10°® kpPa.***!
Thin-film batteries were endowed with a certain flexibility, drawing increasing research interests.
However, rigid materials such as carbons, conductive polymers, and composites were unavoidable,
especially in electrode design. As a result, Young’s moduli of these batteries remained too high
(10°-10% kPa).**?"" Although elastic electrodes lately developed from elastomers had reduced
Young’s moduli of batteries to 10°-10° kPa,®*! their rigidity was still magnitudes higher than
biological tissues (e.g., skin and organs) with Young’s moduli < 10° kPa.**>*! To make the full battery

as soft as tissues, it is thus essential to fabricate the battery thoroughly from ultrasoft materials and

sacrifice none of their softness in integration.

Here, to the best of our knowledge, tissue-like soft batteries are first reported by all-hydrogel design
(Figure 1). An integrated battery configuration with superb electrical conductivity and high interface
charge transfer efficiency was obtained by taking advantage of the interfacial dry crosslinking
strategy. This strategy represents a general and efficient method to achieve ultrasoft batteries with
high electrochemical properties. For instance, high specific capacities of 82 mAh-g™ in all-hydrogel
lithium-ion batteries and 370 mAh-g™ in all-hydrogel zinc-ion batteries at a current density of 0.5 A-g’
! were achieved. Meanwhile, the ultrasoft batteries exhibited Young’s moduli of 80 kPa, perfectly
matching the mechanical properties of biological tissues. Both high stability and biocompatibility of
the all-hydrogel batteries had been demonstrated upon the applications of wearable and

implantable.
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2. Results and Discussion

As shown in Figure 2a, the ultrasoft all-hydrogel battery was obtained by adopting an interfacial dry
crosslinking strategy. First, the cathode and anode were made from polyacrylamide (PAM)/carbon
nanotube (CNT) hydrogel (Figure S1) loaded with active materials. Then, the pristine hydrogel
electrodes were fully dehydrated into dehydrated electrodes. Subsequently, rehydration was
realized by simply attaching the dehydrated electrodes to the hydrogel electrolytes. Upon contact
with the electrolytes, the dehydrated electrodes spontaneously absorbed water from the surface
and interior of the electrolytes under combined effects of osmotic pressure and hydrophilic amide
groups.*38 When reaching rehydration equilibrium, the rehydrated hydrogel electrodes were
softened again, and a fused interface was formed between electrode and electrolyte. The all-
hydrogel batteries with stable structure and performance were obtained under the isolation of the

soft encapsulation layer.

The electrical conductivity of the electrode is one of the critical factors affecting the electrochemical
performance of the battery. Poor conductivity of the electrode leads to high internal resistance and
consequently low power output. As shown in Figure 2b, the electrical conductivities of the pristine
hydrogel electrodes were only ~0.8 mS-cm™. The high water content (~89%) increased the interface
resistance of electron transport among CNTs, resulting in poor electrical conductivities. Moreover,

the typical sponge-like morphology of the pristine hydrogel electrodes with macropores (sizes of ~20
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pum) (Figure 2c) increased the distance of electrical transfer and further diminished electrical
conductivities. Although the pristine hydrogel electrodes possessed low Young’s moduli of ~12 kPa,

the poor electrical conductivities prevented them from being used in batteries.

When the pristine hydrogel electrodes were fully dehydrated into dehydrated electrodes, the
electrical conductivities were improved remarkably to ~2 x 10*> mS-cm™. The morphology turned
almost non-porous with densified electron pathways (Figure S2), leading to increased electrical
transfer efficiency. However, the dehydrated electrodes were rigid with high Young’s moduli of ~10°

kPa, which could not meet the requirement of soft batteries.

After the dehydrated electrodes were in contact with the electrolytes and reached rehydration
equilibrium, the electrical conductivities of the rehydrated hydrogel electrodes were enhanced to
~10® mS-cm™. To be noted, the weight of water contained in the rehydrated hydrogel electrodes was
about 20% of the pristine hydrogel electrodes. Furthermore, the pore size of rehydrated hydrogel
electrodes was slightly increased to ~1 um due to the limited rehydration ratio (Figure 2d),
preserving the dense electron pathways. The reduced pore sizes of the electrodes during the
dehydration process resulted in the high crosslinking density and dense crosslinking network,
limiting the water penetration into the hydrogel network.***” The fixed overall water content and
osmotic pressure balance further contributed to the ultimate limited water absorption. This limited
rehydration ratio was crucial to the high electrical conductivities of the rehydrated hydrogel

electrodes. Notably, the rehydrated hydrogel electrodes attached to the hydrogel electrolytes
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without electrolyte salt also exhibited high electrical conductivities of ~10®> mS-cm™ (Figure S3),
demonstrating that the increase in electrical conductivity was caused by water and structure change
rather than the inclusion of electrolyte salt. In addition, the rehydrated hydrogel electrodes
exhibited Young’s moduli of ~70 kPa, which were well matched with biological tissues. There was
generally a restrictive relationship between electrical conductivity and softness of the hydrogel
electrode. Considering the bulk resistance and Young’s moduli of all-hydrogel batteries based on the
rehydrated electrodes with different rehydration ratios, the optimization of the rehydration ratio
was investigated. When the rehydration ratio was > 20%, the bulk resistance of the batteries
increased dramatically; when the rehydration ratio was < 20%, Young’s moduli of the all-hydrogel
batteries increased significantly (Figure S4). Therefore, a 20% rehydration ratio was selected as a

balance.

Besides the intrinsic high electrical conductivities of the electrodes, efficient charge transfer at the
electrode-electrolyte interface was also vital for batteries. Charge transfer resistance (R.) signified
the efficiency of electrons shifting across the electrode-electrolyte interface. According to the
electrochemical impedance spectroscopy, the R, of the stacked interface, which was obtained by
directly attaching a pristine hydrogel electrode to the electrolyte, was 365 Q. This electrochemical
impedance was much higher than the fused interface (~32 Q), obtained via the interfacial dry
crosslinking strategy (Figure 2e). The decreased R indicated that a compatible interface with high

charge transfer was facilitated by interfacial dry crosslinking.
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The standard peeling test was used to analyze the interface compatibility (Figure 2f). The electrode
and electrolyte at the stacked interface were easily peeled off, indicating an incompatible and
unstable interface between the pristine hydrogel electrodes and the electrolytes (Figure S5). The
presence of trace-free water on the surface of the electrolyte reduced the effective interface
contact. In addition, the high water content of the system formed a weak boundary layer, which
hindered the interaction of the molecular chain at the interface between the electrodes and

electrolytes.***!

By contrast, a finger-like pattern was produced at the fused interface upon peeling off. This
phenomenon indicated that a higher deformation was required to dissipate energy at the interface
after the interfacial dry crosslinking, The adhesion of the electrode-electrolyte interface was greatly
enhanced.”**" Indeed, the adhesion energy of the fused interface was eight times higher than that
of the stacked interface (Figures 2g and S6). The dehydrated electrode absorbed the trace-free
water at the interface through the interfacial dry crosslinking strategy (Figure S7), enabling close
contact between electrode and electrolyte.®” The electrode dehydration process reduced the total
water content of the system, and the amide groups on the PAM side chains of the electrodes and
the electrolytes could form hydrogen bonds at the interface.”’*®! The physical crosslinking of
hydrogen bonds enhanced the interface adhesion and stability (Figure S8). Moreover, the soft
encapsulation layer can effectively prevent the influence of the wet environment on the physical
interaction of the interface. After immersion of the battery in deionized water for 24 hours, the
interfacial adhesion energy remained at 73 J-m™, comparable to the interfacial adhesion energy (70

J-m?) of the battery in air (Figure S9). In addition, during the assembly of the all-hydrogel batteries,
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the dimensional change rate of the electrodes was mainly reflected in the thickness, and the
changes of the plane dimension were almost negligible (Figure S10). This dimensional change rule
avoids the geometric mismatch between the electrodes and the electrolytes and subsequent

deformation and delamination.

Therefore, the ultrasoft hydrogel electrode with excellent electrical conductivity and the hydrogel
electrode-electrolyte interface with fast charge transfer efficiency were simultaneously obtained by
the interfacial dry crosslinking method. The dehydration process maximized the electrode
conductivity for the electrode, and the limited water absorption behavior retained the high
conductivity and softness. For the electrode-electrolyte interface, the dehydrated electrode
removed trace-free water at the interface to achieve a close contact between the electrode and the
electrolyte. Besides, the reduced water content caused the molecular chains in the electrode and
the electrolyte to generate hydrogen bonds at the interface, enabling the interface's stable

adhesion.

The lithium-ion battery system was used to investigate the electrochemical performances of all-
hydrogel batteries. PAM/LiCl hydrogel with ionic conductivity of 8 mS-cm™ was used as the hydrogel
electrolyte (Figure S11). The cathode and anode were obtained by loading with LiMn,0, (LMO) and
LiTi,(PO4)s (LTP) (Figure S12), respectively. The cyclic voltammograms of rehydrated PAM/CNT-LMO
and PAM/CNT-LTP hydrogel electrodes were first tested by three-electrode systems. The

characteristic redox peaks revealed that the redox reactions could be reversibly operated (Figure
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3a). According to the tested capacities, the mass ratio of LMO to LTP was designed to be 1.2:1 in
assembly to ensure efficient utilization of materials (Figures S13 and S14). The as-assembled battery
exhibited superior electrochemical performance thanks to the improved conductivity and interface.
Galvanostatic charge-discharge curves similar to conventional aqueous lithium-ion batteries with an
average discharge voltage plateau of 1.5 V were exhibited (Figure 3b). The specific discharge
capacity was 82 mAh-g* based on the mass of LTP at a current density of 0.5 A-g™. As shown in
Figure S15, promising rate performance of the as-prepared battery was realized, with discharge
capacities of 72 mAh-g* at 0.75 A-g", 66 mAh-g* at 1 A-g™ and 60 mAh-g™ at 1.25 A-g™. Moreover,
the capacity was recovered after being reversed to the initial current density. The all-hydrogel
battery also performed high stability, e.g., 65% capacity retention was achieved over 400 cycles at a
current density of 1 A-g' (Figure 3c). Besides, the all-hydrogel battery could be charged and
discharged typically under the environment with different humidity (Figure S16), and the specific
discharge capacity and cycle stability were unaffected (Figure S17), demonstrating the viability of the
all-hydrogel battery in bio-applications. This strategy was also suitable for other all-hydrogel
batteries systems. When the active materials were replaced with Zn nanosheet and NH,V,0,,, an all-
hydrogel zinc-ion battery with a high discharge capacity of 370 mAh-g™ at a current density of 0.5
A-g" was obtained (Figure 3d) and exhibited 73% capacity retention over 200 cycles at a current

density of 2 A-g™ (Figure 3e).

Along with the high electrochemical performance, mechanical properties matching perfectly with
biological tissues were accomplished for the all-hydrogel batteries (Figure 4a). The Young’s moduli of

electrodes, electrolytes, all-hydrogel batteries and encapsulation layers were calculated based on
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the linear segment of the stress-strain curve, which were 70, 8, 80 and 47 kPa, respectively (Figures
4b and S18). The ultrasoft batteries were compliant to fulfill the attachment to the surface of

multiple polyhedrons, exemplifying the stable battery-tissue interface (Figure 4c).

The structural integrity and steady interface were also maintained perfectly under dynamic
deformations. Due to the adhesiveness of the fused interface and the similar mechanical properties
of the components, delamination and dislocation of the electrodes and electrolytes upon
deformation were prevented. After 1000 cycles of 180° bending, 30% stretching and 90° twisting,
the adhesion energy and shear strength between the electrodes and the electrolytes remained
almost unchanged (Figures 4d, $19 and S20). Moreover, the impedance of the all-hydrogel battery
exhibited minor fluctuations under repeated deformations, proving the steadiness of the interface
from the perspective of charge transfer (Figure 4e). The integrated battery structure was conducive
to the stable power output under deformations. The all-hydrogel batteries exhibited nearly no
capacities loss after 5,000 bending cycles at 180° and stretching cycles by 30% (Figure 4f). The soft
all-hydrogel batteries maintained stable capacities after twisting at 90° for 5,000 cycles and various
twisting angles (Figures 4f and S21). Even under harsh shearing deformation for 5,000 cycles, the
capacities remained unaltered (Figure 4f), avoiding batteries malfunction caused by external friction.
Compared with other flexible batteries based on hydrogels, our all-hydrogel batteries delivered
significantly improved flexibility and softness while retaining high electrochemical performance
(Figure S22 and Table S1). This structural and electrochemical stability during deformation ensured

the proper functioning of the all-hydrogel batteries under dynamic physiological conditions.
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Interestingly, a self-healing lithium-ion all-hydrogel battery with similar high electrochemical
properties (e.g., the specific discharge capacity of 79 mAh-g™ at a current density of 0.5 A-g™) could
be realized when a second functional component with abundant hydroxyl groups, e.g., agar, was
introduced to the hydrogel electrodes. The increasing hydrogen bonds allowed the self-restoration
of the electrodes after cutting, and the discharge voltage plateau and capacitance displayed no

noticeable decrease (Figure S23).

An outlook for the practical application of the all-hydrogel batteries was further provided. As shown
in Figure 5a, the all-hydrogel battery was closely attached to the wrist and deformed synchronously
with the wrist joint, and the stable discharge platform was maintained. The stable cycle performance
at 36 °Cproved that the body temperature has no significant effect on the performance of the all-
hydrogel battery (Figure S24). In practical application, it is essential to avoid the overheat of the
bioelectronics. The thermal imaging illustrated that the all-hydrogel battery showed similar
temperatures to the skin during the charge and discharge process (Figure 5b). Meanwhile, no
prominent heat generation was perceived in this progress, preventing possible discomfort or

damage to the biological tissues (Figure 5c).

Furthermore, the all-hydrogel battery was integrated with a hydrogel strain sensor and attached to
the surface of the heart to monitor the heartbeat (Figure 5d). Due to the electrostatic and dynamic

catechol chemistry interactions between the encapsulation layer and the tissue'*®, the all-hydrogel
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battery could be stably attached to the heart surface (Figure S25). The ultrasoft detection system
formed a close and steady contact with the heart, ensuring the accuracy of the signals (Figure $26).
As shown in Figure 5e, the detection system precisely detected the strain change induced by the

heartbeat, while no voltage fluctuation of the all-hydrogel battery was observed.

To evaluate the biocompatibility of all-hydrogel batteries, characterizations both in vitro and in vivo
were performed. Take the all-hydrogel lithium-ion battery as an example. After immersion of the all-
hydrogel battery in water for 15 days, no significant increase of Li* content was detected from the
immersing solution, indicating negligible health risk of tissue toxication (Figure S$27), which was
further verified by cytotoxicity experiment in vitro. To fully verify the biocompatibility of all-hydrogel
batteries with various tissues, three types of cells were selected for the cytotoxicity test, i.e., mouse
fibroblasts (L929), mouse skeletal muscle cells (C2C12) and human umbilical vein endothelial cells
(HUVEC). All the all-hydrogel battery-conditioned cell culture media had shown comparable
cytotoxicity to control after 24 hours of cultures (Figures S28 and S29). Subsequently, all-hydrogel
batteries were implanted in mice for 15 and 30 days to explore the safety during long-term usage in
vivo. The blood indexes of implanted groups exhibited no noticeable differences compared with the
controls (Figure S30). Moreover, indicators of organ-specific diseases and blood levels of enzymes
and electrolytes fell within the confidence intervals of control values (Figure S31). Besides, the H&E
stained tissue slices of major organs (e.g., heart, liver, spleen, lung and kidney) of implanted groups
showed no noticeable pathological changes compared with the controls (Figures S32 and 5f),

stipulating ensured battery safety in vivo. High electrochemical performance and biocompatibility

This article is protected by copyright. All rights reserved.

12



Accepted Article

WILEY-VCH

proved the high potentials of all-hydrogel batteries to power wearable and implantable

bioelectronics.

3. Conclusion

In summary, we have developed tissue-like soft all-hydrogel batteries via an interfacial dry
crosslinking strategy. The as-fabricated batteries exhibited desirable high electrochemical properties
and tissue-like Young’s moduli, offering a practical pathway to tackle the mechanical mismatch
between batteries and biological tissues for wearable and implantable bioelectronics. This work also
provides a general and promising strategy for developing next-generation energy storage devices

and other electronic devices aiming at bio-related applications.

4. Experimental Section

Preparation of PAM/CNT conductive hydrogel: 1 M acrylic amide (AAm), 0.28 wt% (relative to AAm)
methylene-bis-acrylamide (MBA) as a crosslinker and 2.8 wt% (relative to AAm) ammonium
persulphate (APS) as an initiator were added to 30 wt% carbon nanotube (CNT)/water dispersion

and stirred for 1 hour. Subsequently, 0.2 % (relative to solution) N,N,N’,N’-
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tetramethylethylenediamine (TEMED) as catalyst was added to promote free-radical polymerization.

The obtained solution was poured into a petri-dish to form the PAM/CNT conductive hydrogel.

Preparation of hydrogel electrolyte: 2 M AAm, 2 M LiCl and 0.14 wt% (relative to AAm) MBA were
dissolved in deionized water under stirring. Meanwhile, argon was pumped into the clear solution to
remove oxygen thoroughly. Then, 1.4 wt% (relative to AAm) APS and 0.6% (relative to solution)
TEMED were added. Finally, the above solution was transferred into a petri-dish to obtain the
PAM/LICl hydrogel electrolyte. The PAM/zinc trifluoromethanesulfonate (Zn(OTf),) hydrogel
electrolyte for all-hydrogel zinc-ion battery was prepared by immersing the dry PAM film ina 3 M

Zn(OTf), solution for 24 hours.

Fabrication of all-hydrogel battery: The active material dispersions were firstly added dropwise onto

the PAM/CNT conductive hydrogel (area: 1 % 0.5 cm, thickness: 750 um). The active material

dispersion was a mixture of active material (LMO/LTP), super P and PVDF with mass ratios of 16:3:1
in N-methyl-pyrrolidone (NMP) with a concentration of 80 mg-mL™. The active material dispersion
was sonicated for 30 s to realize a uniform dispersion. Then the dispersion was dropped evenly on
the surface of the conductive hydrogel using a pipette to obtain the pristine hydrogel electrodes.
LMO and LTP mass loadings were 1.2 and 1 mg-cm™, respectively. Afterward, the pristine hydrogel
electrodes were first placed on a hot plate with a temperature of 80 °Cto be thoroughly dehydrated
and then transferred into a 100 °Cvacuum oven for 12 hours to remove NMP. The pristine hydrogel

electrodes were placed on the glass plate for dehydration to prevent the electrodes from wrinkling,
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owing to the adhesion between the hydrogel electrodes and the glass plate. Then, the hydrogel
electrolyte was sandwiched between two dehydrated electrodes. The area of the electrolyte was the
same as the electrode, and the thickness was 1 mm. Since the water absorption behavior of the
electrode from the electrolyte was spontaneous, it was only necessary to place the sandwich battery
in a room temperature environment and wait for the electrodes to reach water absorption
equilibrium. After the electrodes were rehydrated to equilibrium (thickness: 450 um), the integrated
all-hydrogel battery was further wrapped by a soft encapsulation layer. The encapsulation layer was
prepared by putting a polyacrylic acid-chitosan-tannic acid-Al** adhesive hydrogel outer layer on the
pre-stretch Parafilm inner layer. Parafilm exhibited self-adhesive property under pressure due to the
molecular chain shift that increased the intermolecular interactions. Similarly, there were also
intermolecular interactions in Parafilm and rehydrated hydrogel electrodes to stabilize the Parafilm-
battery interface. The polyacrylic acid-chitosan-tannic acid-AI** hydrogel was chosen as the outer
layer because of its excellent biocompatibility and underwater adhesion to biological tissues, and it
was prepared according to the previously reported method.* The fabricated of the all-hydrogel
zinc-ion battery was with the same method by replacing the active materials with Zn nanosheet and

NH4V4010.
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Figure 1. Schematic illustration of the structure and working mechanism of the all-hydrogel battery.
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Figure 2. Fabrication and structure characterization of all-hydrogel batteries. a) The preparation

process of the all-hydrogel battery through interfacial dry crosslinking. b) Changes in the weight of

water and electrical conductivity of hydrogel electrodes during dehydration and rehydration. Here

mg corresponds to the weight of water in the pristine hydrogel electrode, and m corresponds to the

weight of water in the electrode during dehydration and rehydration. c) SEM images of pristine

hydrogel electrode. d) Scanning electron microscopy images of rehydrated hydrogel electrode. e)
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Electrochemical impedance spectroscopy of all-hydrogel batteries (inset, equivalent circuit). f)
Photographs to peel off hydrogel electrode from electrolyte for stacked and fused interfaces. g)

Adhesion curves between hydrogel electrode and electrolyte for fused and stacked interfaces.
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Figure 3. Electrochemical properties of the all-hydrogel batteries. a) Cyclic voltammograms of the
rehydrated PAM/CNT-LTP and PAM/CNT-LMO hydrogel electrodes at a scan rate of 0.1 mV-s™. b)
Galvanostatic charge-discharge curve of all-hydrogel lithium-ion battery at a current density of 0.5

A-g™. c) Cyclic performance of all-hydrogel lithium-ion battery at a current density of 1 A-g”. Here G,

Accepted Article

and C correspond to the specific capacities before and after the cycle, respectively. d) Galvanostatic

charge-discharge curve of all-hydrogel zinc-ion battery at a current density of 0.5 A-g™. e) Cyclic
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performance of all-hydrogel zinc-ion battery at a current density of 2 A-g™. Here C, and C correspond

to the specific capacities before and after the cycle, respectively.
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Figure 4. Mechanical properties of the all-hydrogel batteries. a) Comparison of Young’s moduli for

all-hydrogel batteries, previous batteries and biological tissues. b) Stress-strain curves of rehydrated
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hydrogel electrode, hydrogel electrolyte and all-hydrogel battery (inset, stress-strain curves for
strains within 20%). c) Photographs of the all-hydrogel battery attached to surfaces of multiple
polyhedrons. The arrow shows the all-hydrogen battery. d) Adhesion curves of the battery interface
before and after different deformations with each for 1,000 cycles. e) Impedance of all-hydrogel
batteries at different deformation cycles. f) Specific capacitance retention of all-hydrogel batteries
after bending, stretching, twisting, and shearing each for 5,000 cycles. Here C, and C correspond to

the specific capacities before and after deformations, respectively.
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Figure 5. Application of the all-hydrogel batteries. a) Discharge curve at the current density of 0.5

A-g under dynamic deformation of the wrist (left inset, photographs of the wrist attached with an
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all-hydrogel battery during bending, and different colors of the bottom ribbon represent different
deformation states; right inset, amplification of the discharge curve from 240 to 280 seconds). b)
Comparison of thermal imaging of all-hydrogel battery and hand during charging and discharging. c)
Temperature variation of all-hydrogel batteries during 100 charge-discharge cycles. d) Detection
system with power supply and sensor attached to the surface of the heart (inset, working diagram).
e) Variation of the relative resistance of the sensor and voltage of the all-hydrogel battery under
heart beating. Here R, represents the original resistance before deformation, while AR represents
the resistance difference before and after deformation. f) The histological data (representative H&E
stained sections) of the major organs, including heart, liver, spleen, lung and kidney of control and

implanted group for 30 days (scale bar: 100 um, n = 5).
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The Table of Contents
A tissue-like soft all-hydrogel battery

All-hydrogel batteries with Young’s moduli of 80 kPa are designed to match the mechanical
properties of skin and heart. It exhibits a high specific capacity of 370 mAh-g™ and maintains stability
during dynamic deformation. High stability and biocompatibility are realized on the skin and in vivo,

so the all-hydrogel battery is an ideal power supply for wearable and implantable bioelectronics.

Bulk batiery: Thin-film battery: Elastic battery: All-hydrogel battery:
7x107-2x108 3x108-2x 108 251084 x10F 80

=i

_ i
i i T
109 107 108
Young's moduli (kPa)

Accepted Article

This article is protected by copyright. All rights reserved.

29



