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A Super-Foldable Lithium-lon Full Battery

Kangze Dong, Guangtao Zan, Junchen Zhou, Farid Manshaii, Shu Pu, Shanshan Chai,
Jeong Min Baik, Qingsheng Wu, Ming Wen, Tong Wu,* and Jun Chen*

Developing foldable power sources with simple transport and storage remains
a significant challenge and an urgent need for the advancement of next-
generation wearable bioelectronics. In this study, super-foldable lithium-ion
batteries are developed by integrating biomimetic methods, which effectively
address the challenges of stress dispersion and mark a breakthrough in the
field of super-foldable devices. A synchronous three-level biomimetic coupling
technology is introduced and employed a strategy of radial compounding,
gel-electrostatic molding, and temperature-programmed co-pyrolysis. This
approach allows us to simultaneously prepare a super-foldable multi-level
“lotus structure” cathode and a highly compatible super-foldable “peapods”
structure anode. Remarkably, even after 500 000 cycles of repeated folding tests,
the full battery maintains a high level of capacity stability, and the galvanostatic
charge/discharge curves also exhibit a high degree of consistency.
Furthermore, this battery can power an LED clock for over 2870 continuous
minutes while undergoing in situ dynamic reciprocating folding, highlighting
its substantial promise for practical applications. The super-foldable battery
represents a full-chain innovation, extending from the super-foldable substrate
to the super-foldable electrodes, and culminating in a super-foldable full battery.

popular foldable phones currently on the
market achieve foldability through a rota-
tional axis but cannot arbitrarily deform or
shrink the space.l’! Energy storage devices,
which serve as the foundation for a new
generation of foldable electronic systems by
providing power, predominantly consist of
rigid structures. This limitation greatly im-
pedes the practical development of foldable
electronics. Typically, an energy storage de-
vice is composed of four components: elec-
trodes, separators, electrolytes, and shells.
To create a super-foldable energy storage
device capable of withstanding numerous
scatheless true folding cycles (Figure S1,
Supporting Information), each component
must endure the foldable operation with-
out compromising the expected electro-
chemical performance of the device.'13]

In recent years, researchers have ex-
plored considerable advancements in
foldable energy storage devices, aiming

1. Introduction

With the increasing demand for wearable bioelectronics, the fold-
ability of small electronics has become an increasingly impor-
tant feature.['”] This includes the most sought-after foldable dis-
plays and foldable mobile phones.®] However, the current devel-
opment of foldable electronics is still in its infancy. For instance,
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to develop devices that can withstand
a large number of folding cycles, and
even achieve super-foldability for wearable devices.}814-161 To
prepare a high-performance foldable energy storage device, it is
essential to have suitable foldable electrode materials. Carbon-
based electrode materials, known for their excellent flexibility,
have attracted widespread attention.>'-1%1 1D carbon materi-
als, such as carbon nanofibers, have served as foldable electrode
materials.[22!] For example, foldable Ge,O/ZnO/C nanofibers
used as lithium-ion battery electrode materials can still be re-
stored to their original state after three-layer folding.l??] 2D
graphene films are also employed as foldable electrode materials
with multilayer porous graphene films able to withstand up to
2000 simple folds, delivering an area energy density of up to 30.8
uWh cm~2 as a supercapacitor electrode.?*] Moreover, to further
enhance the specific capacity of the foldable electrodes, materi-
als of different types are combined to form films used as fold-
able electrodes,*%’] such as the foldable composite film elec-
trode composed of carbon nanofibers and graphene, which main-
tains stable resistivity after 400 folding cycles.[?] The area energy
density of these films as a capacitor electrode can reach 2.1 mWh
cm~2 at room temperature. However, the resistivity of the elec-
trodes tends to increase with the number of folds, indicating ir-
reversible damage to the electrode during multiple folds.
Researchers have actively explored the development of fold-
able batteries by incorporating LiCoO, and Li, TiO, onto flexi-
ble substrates, such as graphene or carbon nanotubes (CNTs)
membranes, creating foldable electrodes. These electrodes, when
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combined with distinct structural designs like origami, have led
to the assembly of foldable lithium-ion batteries.[?*-**] Despite
these efforts, the foldability of such devices has been limited,
achieving only a few dozen folding cycles. Similarly, foldable Li-
O, batteries using “paper-ink” technology and foldable Li-S bat-
teries, made by blending conductive carbon with sulfur pow-
der into a film, have shown promising specific capacities but
suffer from a 20% capacity loss after 100 bending cycles.[**! In
the field of foldable supercapacitors,?>3¢#0] devices assembled
with spherical Ni(OH), and graphite paper composite materials
have experienced a 10% capacity reduction after just two folding
cycles.[*!] Efforts to improve the foldability of capacitors, such as
by incorporating CNTs into cellulose for the electrodes, have al-
lowed for 1000 folding cycles but at a 40% loss in capacity.!*?]

The core challenge in achieving true super-foldability in these
energy storage devices lies in managing the interaction between
electrode/material construction and stress dispersion effectively.
Moreover, three critical flaws have been identified: low conduc-
tivity, poor strength, and low effective loading, all of which hin-
der the development of durable energy storage devices.[***] Suc-
cessful components must not only manage stress effectively but
also work in harmony with the entire assembly to ensure uni-
form stress distribution. This is crucial for maintaining the in-
tegrity and electrochemical stability of the materials during re-
peated folding.

This work introduces a novel “integrated electrode/substrate”
approach that addresses the challenges faced by both the sub-
strate and the electrode, bypassing the need for exploring
super-foldable substrate materials. We move away from tradi-
tional biomimetic methods and, for the first time, adopt an ad-
vanced three-level biomimetic strategy that draws inspiration
from silkworm cocoons, lotus roots, and peapods. Through a
temperature-programmed co-pyrolysis method, we have devel-
oped highly foldable electrodes with excellent conductivity and
strength, specifically, a super-foldable CNTs/LiFePO,@Carbon
nanofiber films (SCLiCF) cathode and a matching super-foldable
CNTs/Fe,P@ Carbon nanofiber films (SCFeCF) anode.

Our breakthrough is the development of the first super-
foldable lithium-ion full battery (SFLIB), which integrates
biomimetic assembly of each component to overcome the stress
dispersion issue during folding. Remarkably, after 500 000 true
folding cycles, the battery’s conductivity and capacity remain
virtually unchanged, with its galvanostatic charge/discharge
(GCD) curves showing consistent performance. Impressively,
this super-foldable full battery can power an LED digital clock
for over 2870 min during 30 000 true folding cycles. Over-
all, this represents a full-chain innovation process, from the
development of super-foldable substrates and electrodes to
the realization of super-foldable full batteries. Our multi-level
integrated biomimetic strategies and co-coupling methods
offer a promising path forward for the future of super-foldable
electronic devices.

2. Results and Discussion
2.1. Biomimetic Design
To engineer the ideal SFLIB, a set of stringent criteria must

be fulfilled, including 1) a rational stress—dispersion structure
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to accommodate folding, 2) high electrical conductivity to en-
sure efficient high flow, 3) optimal loading of active materi-
als for maximum capacity, 4) prevention of active material loss
or obstruction of foldability during folding, 5) maintenance
of electrochemical stability throughout repeated folding. Meet-
ing these requirements simultaneously presents a significant
challenge. However, nature offers abundant inspiration for in-
novative solutions. In this context, we introduce a pioneering
“three-in-one” biomimetic strategy to navigate these challenges
(Figure 1).

Specifically, the process from cocoon spinning to reeling in-
spires an arbitrarily foldable “M” structure, a complete stress
dispersion structure,[*’] suggesting a pathway to crafting super-
foldable materials (Figure 1a). Additionally, the observation
of fine tubular structures arranged radially in lotus stems
(Figure 1b), which can provide a stress-buffering effect, demon-
strates a natural mechanism for stress buffering, contributing
to their remarkable flexibility. Furthermore, the “cabin” struc-
ture within a pod, facilitating uniform dispersion, particle fixa-
tion, and nutrient delivery (Figure 1c), offers a blueprint for in-
tegrating and protecting active materials within a flexible matrix.
Employing gel electrospinning (Figure 1d), we synthesized a pre-
cursor composite fiber membrane that embodies these three bi-
ological insights in a single step (Figure 1e), closely mimicking
the targeted biological processes and structures (Figure 1f). This
biomimetic approach ensures the radial and uniform distribu-
tion of CNTs along the fibers, mimicking the inside structure of
the lotus stems, thereby minimizing clustering, enhancing flex-
ibility and conductivity. It also integrates active materials within
the fibers in a way that echoes the “cabin” structure of pods, se-
curing them against detachment and accommodating volume ex-
pansion during lithium-ion (Li*) cycling.

Moreover, coating the active particles with a polyacrylonitrile
(PAN) precursor, which upon carbonization becomes highly con-
ductive and porous, significantly improves electron/ion trans-
fer rates. Through a gradient co-pyrolysis strategy, echoing
the cocoon reeling process, we simultaneously produced self-
supporting super-foldable cathode (Figure 1g) and anode elec-
trodes (Figure 1h). These electrodes are not only compat-
ible but also maintain high specific capacities and excep-
tional foldability, overcoming the obstacles typically faced in
designing and manufacturing high-quality super-foldable sub-
strates (Figure 1i) and achieving a “one stone, three birds”
outcome.

Ultimately, by applying principles of structural and stress
coordination among all components and leveraging integrated
biomimetic assembly, we have overcome the challenges of stress
dispersion during folding. This culminated in the develop-
ment of a SFLIB with superior electrochemical performance
(Figure 1j). Remarkably, this battery demonstrates stable electro-
chemical output through a vast number of dynamic true folding
cycles at any angle (Figure 1k,1), heralding a new era for foldable
electronics and wearable devices (Figure 1m).

2.2. Preparation, Structures, and Performances Characterization
The synthesis of super-foldable electrodes involves mixing

an appropriate amount of CNTs and LiFePO, particles in a

© 2024 Wiley-VCH GmbH

85UB017 SUOWIWIOD BA1188.1D) 3ot [dde 8y} Aq pausenob ke Sapile O ‘8sn JO S9IN1 10} ARIq1T 8UIUO AB|IA LD (SUONIPUOD-PUR-SLLIBY WD A8 1M AR1q1 U1 |UO//STY) SUORIPUOD PUe SIS | 841 89S *[S520zZ/€0/0€] Uo ArelqiTauliuo (1M 'S0 eiuioyieD JO AIsBAIIN AQ 8YE80VZ0Z WPe/Z00T OT/10p/woo A3 | 1m Alelqijeuluo"peouenpe//sdiy Wolj pepeojumod ‘8t ‘vZ0Z '820£9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

three-level sync. biomimetics biomimetic prep. of precursor

www.afm-journal.de

super-foldable electrodes super-foldable battery

N
a Lre,, €
¥ s
 oes ‘1 N
= process biomimetic®
S, O — ————— £
7 i
\Zd %
v

Nl LiFePO4/CNTS@PAN NFs

S %

(=) oc
m ( >

—_—

fold at any angles

LiFePO4

\‘ & PAN unit -

CNT «* Liion

Figure 1. Design Scheme of the Super-Foldable Lithium-lon Battery. Introduces a “three-in-one” biomimetic approach that synchronizes three key
processes in one streamlined route: a) silkworm cocoons, b) lotus roots, c) bean-pods. d) Depicts the electrospinning process used to create precursor
fiber networks. e) Shows the precursor fiber networks made of LiFePO,/CNTs@PAN encapsulated in PAN. f) Illustrates the hierarchical structure
of a single biomimetic fiber. Demonstrates the creation of super-foldable electrodes through a “one stone, three birds” strategy: g) super-foldable
LiFePO,/CNTs@CFs electrode, h) super-foldable Fe,P/CNTs@CFs, i) super-foldable substrate. j) A model of the super-foldable battery. Features the
super-foldable battery’s capability: k) fold for extensive times, |) fold at any angles, m) highlight its infinite flexibility for wearable technology applications.

dimethylformamide (DMF) solution containing PAN, utilizing
a “three-in-one” biomimetic strategy for one-step formation. We
have carried out multi-step optimization processing in the sam-
ple synthesis process. Detailed analysis is available in the sup-
porting information Figures S2-S8 (Supporting Information),
and only the optimal sample is discussed in text. By carefully ad-
justing the co-pyrolysis carbonization temperature, we success-
fully obtained the super-foldable self-supporting SCLiCF cathode
and SCFeCF anode (Figure 2a,d). Scanning electron microscopy
(SEM) analysis revealed an interwoven multi-layer network struc-
ture with no visible fractures or cross-linkages between fibers,
maintaining a consistent fiber width of ~675 nm. This design,
particularly the encapsulation of LiFePO, particles within the
fibers, prevents active material loss during mechanical bending
and charge-discharge cycles. The interconnected fiber network
enhances electron transport, while an amorphous carbon layer
on the particle surface mitigates volume expansion during Li*
de/intercalation, ensuring structure stability.[*’]

Nitrogen (N,) adsorption—desorption tests indicated a specific
surface area of 102 m? g for the cathode, with a predominant
pore size of ~2.36 nm (Figure S9, Supporting Information), fa-
cilitating stress dispersion during bending and electrolyte in-
filtration into the fiber membrane. Transmission electron mi-
croscopy (TEM) showed that LiFePO, particles are uniformly dis-
persed within the fibers in a “cabin” structure, with CNTs radi-
ally arranged, enhancing flexibility and the radial strength akin
to the tubular structure in the lotus stems (Figure 2b; Figure
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S6, Supporting Information). High-Resolution TEM (HRTEM)
(Figure 2c) confirmed the LiFePO, particles’ crystallinity, align-
ing with the (311) crystal plane. X-ray diffraction (XRD) charac-
terization (Figure 2g) displayed broad carbon peaks and sharp
LiFePO, and CNTs diffraction peaks, indicating the amorphous
nature of carbon and the high crystallinity of LiFePO, particles.

Under the co-pyrolysis at 800 °C, LiFePO, decomposes into
Fe,P and Li,PO, phases due to excess carbon reduction, follow-
ing the reaction:[*849]

6LiFePO, + 8C — 3Fe,P + 2Li,PO, + P +8CO, (1)

SEM, TEM images, and N, adsorption—desorption tests
(Figure 2d—f; Figures S10 and S11, Supporting Information) re-
veal that the anode shares the cathode’s mesoporous structure,
showcasing no signs of fracturing. HRTEM images (Figure 2f)
display a clear lattice spacing of 0.22 nm, aligning with the Fe,P
phase’s (111) crystal face, indicating high crystallinity. The shifts
in P 2p and Fe 2p peaks observed in XPS analyses (Figures S12
and S13, Supporting Information) further confirm the forma-
tion of Fe,P. A notable absence of significant LiFePO, diffraction
peaks in the XRD pattern (Figure 2h) suggests a complete trans-
formation, corroborated by Linear Sweep voltammetry (LSV) re-
sults at high potentials (Figure S14, Supporting Information).
Element mapping illustrates a homogeneous distribution of C,
N, O, Fe, and P, (Figure 2i; Figure S10, Supporting Informa-
tion), emphasizing the uniformity in structural design. Raman
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Figure 2. Morphological and Structural Characterizations of the Biomimetic Electrodes. a) SEM images, b) TEM images (inset: cross-sectional view of
the fiber), c¢) and HRTEM images of the SCLIiCF electrode. d) SEM images, €) and TEM images, f) HRTEM images of the SCFeCF electrode. g) XRD
patterns of SCLiCF, h) SCFeCF electrodes. i) Elemental mappings of the SCLICF electrode.

spectroscopy reveals a sharp 2D peak due to the incorporation
of CNTs, and a relatively high I,/I; ratio (Figure S15, Support-
ing Information), both vital for the super-foldable battery’s per-
formance.

Before assessing the electrode’s foldability, preliminary exper-
iments involving intense twisting, rolling, and folding showed
the electrodes could revert to their initial state without noticeable
damage (Figure S16, Supporting Information). The initial man-
ual folding process, which could take several months and lacked
standardization, highlighted the need for an automated fold-
ing apparatus for comprehensive and standardized folding tests.
Through an in situ auto-dynamic folding test (Figure 3a, Figure
S17, Supporting Information), the electrodes demonstrated re-
markable foldability, with their resistance ratio remaining essen-
tially unchanged after 500 000 true folding cycles (Figure 3b;
Video S1, Supporting Information). This confirms the SCLiCF
electrode’s superior foldability, setting a benchmark for super-
foldable battery fabrication.

Further SEM analysis of the SCLiCF electrode in a 180° true
folding state revealed strongly folded fiber membranes equipped
with a unique foldable device (Figure S18, Supporting Infor-
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mation), remaining intact without damage. A slight loosen-
ing exposes a distinct “M” adaptive structure (Figure 3c), en-
abling stress to disperse from three directions effectively. This
design, along with the biomimetic incorporation of CNTs and
active particles, ensures minimal impact on the folding pro-
cess. Therefore, it can withstand more than 500 000 times
of true folding tests without significant fibers breakage at the
crease (Figure 3d—f). The electrode’s unparalleled foldability is at-
tributed to micro-slidable layers, wave-like smooth fibers, ordered
mesopores within the fibers, and an extensive network structure
across the fiber membrane, facilitating complete stress disper-
sion. The super-foldable anode exhibits similar folding perfor-
mance, with detailed characterizations provided in Figures S19
and S20 (Supporting Information).

Next, we evaluate the electrochemical performance of super-
foldable electrodes using various electrochemical techniques.
The highly consistent CV curves demonstrate a completely re-
versible Li* de/intercalation process in the SCLIiCF electrode
(Figure 3g). Furthermore, the b values are 0.69 and 0.74 for ca-
thodic and anodic peaks (Figure S21a, Supporting Information),
respectively, implying that pseudocapacitive behavior is playing
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Figure 3. Electrochemical Performance and Durability of the Electrodes. a) Folding process of a sample with the automatic foldable device. b) Changes
in resistivity over 500 000 folding cycles. c) SEM images capture the electrode in its folded state. d) SEM images of the SCLICF electrode at the creases
after undergoing 500 000 folding cycles. The enlarge SEM images of two stress dispersion arcs at the creases: e) stress dispersion arcs on the left and f)
stress dispersion arcs on the right. g) CV curves, and h) rate performance of the SCLICF electrode. i) CV curves and j) rate performance of the SCFeCF
electrode. k) 3D charge density diagrams for Lit adsorption on different materials: SCF, Fe,P, SCFeCF. |) Adsorption energy values for different materials

concerning Lit.

an important effect.°*>!l The synergy of these processes con-
tributes to the electrode’s excellent rate performance (Figure 3h).
Specifically, the SCLIiCF electrode exhibits specific capacities of
140.6,126.2,113.2, and 98.8 mAh g~! at current rates 0f 0.15, 0.2,
0.5, and 1C, respectively. When the current density is reversed to
0.5,0.2,and 0.15C, the capacity recovers to 117.7, 123.3, and 145.7
mAh g1, respectively, indicating a high-capacity recovery rate of
over 98%. Additionally, after 1000 cycles, the electrode maintains
a capacity of 110.45 mAh g1, preserving ~98% of its initial capac-
ity (Figure S21b,c, Supporting Information). Overall, the unique
3D conductive network structure of SCLIiCF electrodes signifi-
cantly enhances electron transfer, resulting in satisfactory electro-
chemical performance. Even after extensive cycling, the SCLICF
electrode retains high crystallinity, flexibility, and dispersed, non-
adhesive fibers without any signs of fracture (Figure S22, Sup-
porting Information).
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Similarly, the SCFeCF electrodes also exhibit good reversibil-
ity in the Li* de/intercalation process, except for the initial ac-
tivation cycle (Figure 3i).150-54] This is consistent with the stabil-
ity observed in short-cycle tests (Figure S23a,b, Supporting Infor-
mation). In comparison to the super-foldable carbon nanofiber
films (SCF) electrode, the SCFeCF electrode demonstrates supe-
rior rate performance, delivering discharge capacities of 517.1,
418.2,346.2,281.3,245.5, and 198.3 mAh g~! at current densities
0f0.1,0.2,0.5, 1.0, 2.0, and 5.0 A g, respectively (Figure 3j). The
remarkable electrochemical performance of the SCFeCF elec-
trode is attributed to the introduction of Fe,P and the adsorp-
tion contribution from defective carbon. Notably, the SCFeCF
electrode showed excellent cyclic stability. Especially at a high
current density of 2 A g7!, the battery demonstrates almost no
capacity loss after 1000 cycles, showcasing its exceptional cycle
stability (Figure S23c, Supporting Information). Electrochemical
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impedance (EIS) and detailed charge kinetics analyses were con-
ducted to understand this excellent performance further (Figures
S24 and S25, Supporting Information).l’®5!l These analyses re-
vealed that the SCFeCF electrode has a lower charge transfer
resistance, faster Li* diffusion rates, and higher pseudocapaci-
tance characteristics (detailed analysis available in the supporting
information). The superior electrochemical performance of the
SCFeCF electrode is mainly due to increased conductivity, abun-
dant ion transport channels, and more defect sites. Similar to
the SCLICF electrode, the SCFeCF electrode also maintains good
flexibility after cycling (Figure S26, Supporting Information).

To explore the impact of Fe,P particles on the SCFeCF elec-
trode’s performance at the electronic and atomic levels, Density
Functional Theory (DFT) calculations were performed. These cal-
culations aimed to investigate the Li* adsorption energy and elec-
tronic structures of various materials (Figure 3k; Figures S27
and S28, Supporting Information). Figure 3K illustrates the 3D
charge adsorption difference for the optimized SCF, Fe,P, and
SCFeCF electrodes upon the adsorption of a Li atom. As ob-
served, the charge difference distribution for the Fe,P particle
and SCFeCF electrode adsorbing a Li atom is significantly more
localized than that of the SCF electrode. Specifically, the optimal
adsorption energy for the SCFeCF electrode is 0.72 eV, whereas
the adsorption energies of Li atoms on the SCF electrode and
Fe,P particle are —1.15 and 0.11 eV, respectively (Figure 31).

2.3. Mechanical Simulation of Stress Changes During Folding

To gain a more intuitive understanding of how biomimetic
structures contribute to superior foldability, we conducted finite
element simulations. Drawing on SEM images of the super-
foldable battery’s key components in various folded states (Figure
S29, Supporting Information), we observed the formation of
a biomimetic M-like structure at the creases post-folding. De-
tailed examination revealed three distinct structural transforma-
tions (Figure 4a): separated layers (Figure 4b), two smooth arcs
(Figure 4c), and micro-grooves within the arcs (Figure 4d). These
transformations are likely pivotal to the battery’s exceptional fold-
ability. Based on these findings, we abstracted typical structural
changes at both material and device levels, encompassing single
fiber, fiber network, fiber membrane, and the entire battery struc-
ture. Through finite element simulations, we clarified their roles
in stress dispersion.

For fibers, we constructed two mechanical models:
CNTs@PAN and CNTs/LiFePO,@PAN (Figure S30, Sup-
porting Information). The finite element color maps re-
vealed that, under identical bending stresses, the CNTs in
the CNTs/LiFePO, @PAN model exhibited a more intense red
color, indicating that CNTs with a higher modulus enhanced
fiber strength. Furthermore, the interaction force between
LiFePO, particles and fibers was negligible (Figure S31, Sup-
porting Information), validating the cabin-like structure’s design
advantages. In the case of 2D fiber networks, we developed
two mechanical models: a cross-linked layer (Figure 4e) and
a slidable layer (Figure 4i). The cross-linked model showed
stress concentration and potential fracture under bending due
to restricted fiber movement, as evidenced by pronounced
red regions (Figure 4f-h). Conversely, the slidable layer model
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demonstrated minimal stress across various regions even with
increased bending angles, owing to the absence of cross-linking
points and the resultant free fiber movement, effectively dispers-
ing stress during folding (Figure 4j-1). For the fiber membrane,
we compared a conventional bulk structure against a biomimetic
slidable layer structure (Figure S32, Supporting Information).
The conventional structure showed significant stress concentra-
tion at the bend, likely leading to material fracture. In contrast,
the biomimetic structure enabled stress to disperse along the
bending arc of each layer, preventing excessive stress concentra-
tion and enhancing material foldability. These simulation results
illustrate the structural-stress dispersion correlation, affirming
our design rationale.

Additionally, we developed two pouch battery models: a con-
ventional structure (Figure 4m) and an integrated biomimetic
structure (Figure 40). The conventional model showed in-
creasing stress concentration at the fold as folding angles in-
creased, indicated by a growing red area in the stress distribu-
tion contour map, likely leading to battery fracture at the fold
(Figure 4n). However, the integrated biomimetic model with a
sliding layer effectively dispersed stress at the fold during fold-
ing, minimizing layer interaction forces (Figure 4p), and signif-
icantly enhancing battery foldability. This innovative multi-level
biomimetic/integration strategy not only aligns with our exper-
imental findings but also offers a blueprint for designing other
battery materials.

2.4. Performance Evaluation of Full Battery

Despite the successful creation of the super-foldable cathode
(SCLiCF) and anode (SCFeCF), assembling super-foldable full
batteries that meet our expectations presents challenges. The
first issue encountered is the selection of the collector, which
necessitates a conductive material that can endure folding with-
out compromising its structure. To address this, we have devel-
oped composite materials containing highly conductive, super-
foldable substrates through a “three-in-one” strategy, enabling
their use as self-supporting electrodes.

When considering separators, it is crucial to select materi-
als that do not compromise the battery’s super-foldability. Tradi-
tional materials such as glass fibers, nonwoven fabrics, and wood
fiber membranes are unsuitable. Instead, Celgard emerges as a
more appropriate choice. Furthermore, for the electrolyte, solid
or quasi-solid forms adversely affect super-foldability, making lig-
uid organic electrolytes the preferred option. Polyethylene (PE)
has been identified as an optimal material for the outer packag-
ing material, thanks to its suitable properties.

During the battery assembly process, it is not only vital to
maintain the inherent super foldability of each component but
also to ensure coordinated assembly among them. This involves
allowing for free sliding between layers, preventing bubble for-
mation, and avoiding short or open circuits during extensive
folding. Additionally, the assembled device should be capable of
forming a stress-dispersing structure akin to an “M” shape un-
der extensive folding (Figure S29, Supporting Information), in-
spired by the structure of mature cocoons. This biomimetic ap-
proach has enabled us to create the first instance of an SFLIB
capable of enduring 500 000 cycles of true folding without
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Figure 4. Finite Element Simulation of Super-Foldability. a) “M” fold structure of a soft package battery, along with its detailed enlargement: b) separate
layers, c) dispersed arcs and d) slidable fibers. e) The cross-linked layer of the fiber network, and its corresponding stress distributions under bending
f) 30°, g) 90°, h) 120°. i) The slidable layer of the fiber network, and its corresponding stress distributions under bending j) 30°, k) 90°, I) 120°.
m) Conventional battery structure and its corresponding stress distributions during the folding process (n). o) Integrated bionic battery structure and

its corresponding stress distributions during the folding process (p).

significant electrochemical performance degradation. This bat-
tery can consistently power an LED clock, maintaining its bright-
ness throughout the folding process (Figure 5a).

The basic electrochemical performance of the SFLIB is ini-
tially assessed post pre-activation (Figure 5b). Encouragingly, the
SFLIB demonstrates discharge capacities of 267.3, 237.17, 207.3,
176.17, and 129.58 mAh g™! at current densities of 0.1, 0.2, 0.5,
1.0, and 2.0 A g7!, respectively. When the current densities are
reverted to 1.0, 0.5, 0.2, and 0.1 A g7!, the capacities recover
to 168.5, 196.6, 221.5, and 232.6 mAh g!, respectively, with a
coulombic efficiency (CE) approaching 99% and a capacity re-
covery rate of 88.9%. The GCD curves at different current densi-
ties exhibit a similar trend (Figure S33, Supporting Information),
showcasing excellent reversibility.

To assess the electrochemical performance stability of the
SFLIB under various deformations, we conducted continuous
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GCD tests at various folding angles (Figure 5¢,d). After 20 cycles
of deformation, the battery capacity demonstrated negligible vari-
ation, and the GCD curves remained closely aligned, showcasing
the SFLIB’s exceptional electrochemical stability across different
folding scenarios. Furthermore, a long-term cycling test revealed
that the SFLIB could deliver a specific capacity of up to 100 mAh
g~! ata current density of 0.5 A g~! after 1000 cycles (Figure S33,
Supporting Information). To explore the SFLIB’s practical poten-
tial, we integrated the battery with small electronic devices. The
battery maintained a relatively stable voltage and a consistent re-
sistance value across different folding angles (Figure S34, Sup-
porting Information), suggesting that the battery structure re-
mained intact during the folding process. An inset demonstrates
the SFLIB’s ability to power an LED clock at various angles, in-
dicating not only excellent mechanical properties but also signif-
icant practical electrochemical performance.
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Figure 5. Performance and Durability of a Super-Foldable Lithium—lon Battery. a) Schematic illustration of the super-foldable battery. b) Rate perfor-
mance, c) cycling performance under different folding angles and d) corresponding GCD curves. e) Voltage change curves of the battery at different fold-
ing angles (inset: battery drives an LED digital clock works during multi-angle dynamic folding). f) Cycling performance of the super-foldable lithium-ion
battery following various folding cycles (inset: digital photos showcasing the battery’s condition before and after being folded).

For a more rigorous evaluation of electrochemical stabil-
ity through numerous true folding cycles, we replaced the
aluminum-plastic film with a PE encasement. Remarkably, the
assembled SFLIB continuously powered an LED digital clock for
up to 2870 min over more than 10 000 cycles in situ folding
cycles (Figure S35, Video S2, Supporting Information). Impor-
tantly, the fully charged battery maintained stable voltage levels
and powered the LED digital clock during multi-angle dynamic
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folding (Figure Se; Video S3, Supporting Information). To assess
the discharging/charging behavior after continuous folding, we
performed an in situ folding GCD test. As shown in Figure 5f,
during a rigorous 500 000-cycle in situ true folding test, the SFLIB
consistently executed normal discharge and charge operations.
The capacity remained stable, and the GCD curves showed a
good overlap (Figure S36). Notably, the SFLIB’s integrity was pre-
served after 500 000 in situ folding cycles (Figure S37, Supporting

© 2024 Wiley-VCH GmbH

85UB017 SUOWIWIOD BA1188.1D) 3ot [dde 8y} Aq pausenob ke Sapile O ‘8sn JO S9IN1 10} ARIq1T 8UIUO AB|IA LD (SUONIPUOD-PUR-SLLIBY WD A8 1M AR1q1 U1 |UO//STY) SUORIPUOD PUe SIS | 841 89S *[S520zZ/€0/0€] Uo ArelqiTauliuo (1M 'S0 eiuioyieD JO AIsBAIIN AQ 8YE80VZ0Z WPe/Z00T OT/10p/woo A3 | 1m Alelqijeuluo"peouenpe//sdiy Wolj pepeojumod ‘8t ‘vZ0Z '820£9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

T

ADVANCED
UNCTIONAL
MATERIALS

www.advancedsciencenews.com

Information). Additionally, SEM images of the electrodes post-
testing showed that the fibers remained dispersed and non-
adhesive, without visible fractures at the crease (Figure S38,
Supporting Information). Overall, these findings demonstrate
that the SFLIB, leveraging an integrated biomimetic assem-
bly of super-foldable electrodes, not only withstands up to
500 000 folding cycles but also maintains stable electrochemical
performance.

3. Conclusion

For the first time, SFLIB has been developed using a multi-level
biomimetic/integration strategy, capable of enduring 500 000
true folding cycles while maintaining stable electrochemical per-
formance. This achievement necessitates not only a highly con-
ductive substrate but also the incorporation of a maximum
number of active materials without compromising foldabil-
ity. Through the implementation of a synchronous multi-level
biomimetic coupling strategy, super-foldable self-supporting
electrodes with high conductivity, strength, and specific capac-
ity have been prepared, effectively addressing the core chal-
lenges associated with super-foldable batteries. The SFLIB, as-
sembled using this biomimetic/integration strategy, not only
demonstrates a high degree of overlap in GCD curves at var-
ious folding angles but also maintains stable electrochemi-
cal performance throughout 500 000 in situ true folding cy-
cles. Furthermore, the reinforcement effect of CNTs within
fibers and the multi-level stress dispersion mechanism in elec-
trodes and batteries during the folding process has been sys-
tematically analyzed through finite element simulation. Over-
all, this represents a full-chain innovation process extending
from super-foldable substrates to electrodes to super-foldable
batteries. This application of multi-level/integrated biomimetic
strategies and co-coupling technologies offers a universal guid-
ing principle for designing other super-foldable electronic
devices.

Supporting Information

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