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Flexible lithium—ion batteries are an emerging and promising technology for next-generation flexible
devices; however, some potential problems, such as potential safety hazards of organic liquid electro-
lytes, severe capacity loss caused by poor adhesion between electroactive materials and current col-
lectors, and the unscalable production of flexible current collectors, prevent flexible batteries from being
used in practice. This study demonstrates a safety reinforced ultra-flexible and foldable lithium—ion
battery using LiCoO; (LCO) as the cathode, LigTi5O1, (LTO) as the anode, a high-quality carbon nanotubes
film as a flexible current collector, and a novel porous composite as the gel polymer electrolyte. The
flexible battery exhibits superior electrochemical performance compared to other flexible batteries re-
ported, with a capacity retention rate of 93% after 150,000 cycles of mechanical bending. The gravimetric
energy density of the flexible electrodes is 1.6 times higher than that of standard electrodes using metal
foils as current collectors. More importantly, the flexible battery offers extreme safety performance and
performs very well under various severe conditions, such as repeated folding and punching. These results
demonstrate the promising potential of flexible batteries for many wearable applications and offer a new

platform for the scalable production of flexible and wearable energy storage technologies.

© 2021 Published by Elsevier Ltd.

1. Introduction

Wearable energy storage devices are receiving intensive
research endeavors, aiming at powering a variety of deformable
functional devices such as smart clothes, electronic skins,
implantable medical devices, wearable smartphones, and health-
care sensors [1—4]. Conventional energy devices, such as lith-
ium—ion batteries (LIBs), typically appear in a rigid plate, which is
unfavorable for many applications, especially in the fields of
deformable functional devices which require small size, light
weight, high flexibility, and foldability [5]. Therefore, the develop-
ment of wearable or flexible energy storage devices is extremely
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important for the growing demand of flexible devices. Since their
commercialization in the 1990s, LIBs have seen rapid de-
velopments. Compared to other rechargeable battery technologies,
LIBs have many advantages, including relatively high energy and
power densities, long cycling life, little memory effect, and low self-
discharge [6—9]. When used in flexible electronics, LIBs also need to
be flexible, safe, thin, stretchable, and even foldable [10,11].

To meet the demands of flexible electronics, flexible LIBs require
that all of the key components (current collector, active layer,
separator, and packaging) be bendable or even foldable. Conven-
tional metal foils (Al and Cu foils) as current collectors for the
positive and negative electrodes are unfit for flexible LIBs. Because
such foils are stiff and subject to fatigue failures. The metal foils are
difficult to restore to their original shape after deformation.
Moreover, the active layer is easily delaminated from the smooth
surface of metal foils when the flexible batteries are bent. In
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addition, the heavy weight of metal foils reduces the gravimetric
capacity of the whole battery system. The areal densities of Al and
Cu foils are about 5.0 and 13.0 mg/cm? (thickness of 10—20 pm),
respectively, and they account for 10—15% of the total weight of a
battery [11]. Therefore, replacing the metal foils with a highly
conductive, lightweight, thin, and flexible current collector could
enhance both the gravimetric energy density and mechanical
flexibility of LIBs [12,13]. Recently, carbon-based materials are ob-
tained with high conductivity and low density, are chemically
stable within a wide range of electrochemical voltage, and thereby
are regarded as the promising choice for current collectors in
flexible LIBs [10,14]. In particular, carbon nanotubes (CNTs), typical
one dimensional (1D) carbon materials, have been widely explored
for use as current collectors by various preparation methods, such
as vacuum filtration [15,16], self-assembly [17,18], dry-drawing
[19,20], blade coating [21,22], and so on. Thanks to the tremen-
dous research efforts devoted over the past decades, research on
flexible LIBs has made great progress. However, the sheet resistance
of the reported carbon material current collectors is as high as
5-50 Q/sq [23—27] Moreover, the breaking strength of carbon
material current collectors is only in the 5—15 MPa range
[26,28—30]. At present, the high sheet resistance and low breaking
strength of carbon current collectors are far from meeting the re-
quirements of flexible LIBs. Furthermore, research on the carbon
material current collectors is still in the laboratory stage, far from
the scalable production. Therefore, for future practical application,
developing a flexible current collector with low sheet resistance,
high breaking strength, and scalable production is urgently
required.

Safety is always a critical concern for LIBs. There are huge po-
tential safety hazards for commercialized LIBs due to employing an
organic carbonate solvent and polyolefin-based separators. These
potential risks (leakage, combustion, and explosion) will become
even more challenging for flexible LIBs. In this case, all solid poly-
mer electrolytes provide a promising opportunity to overcome the
safety issue. However, the reported all solid polymer electrolytes
mostly exhibit low ionic conductivities (10-8—10~> S/cm) and poor
interfaces with electrodes, resulting in a deteriorated electro-
chemical performance [31—33]. To this end, combined with the
advantages of both the liquid and solid electrolytes, gel polymer
electrolytes (GPEs) have attracted increasing attention as they can
function as not only electrolytes but also separators [34,35].
Moreover, the flexibility and elasticity of GPEs are also prone to
tolerate the volume change of electrode materials during charge
and discharge processes [36]. Therefore, GPEs have become one of
the most desirable alternatives among various electrolytes for
flexible LIBs. At present, the low ionic conductivity, poor mechan-
ical strength, and narrow electrochemical window are still not
satisfactory enough to meet practical needs. On the basis of this, it is
essential to explore a new GPE with comprehensive performance in
terms of high ionic conductivity, proper mechanical strength, su-
perior thermal stability, wider electrochemical window, and
excellent electrochemical performance.

Here we demonstrate a flexible rechargeable LIB using a flexible
high-quality CNTs film as a current collector and a new porous
composite GPE based on Lig4La3Zr14Tag 012 (LLZTO) nanoparticles
embedded in the poly(vinylidene fluoride-tri-fluoroethylene-
chlorofluoroethylene) (PTC) matrix as the electrolyte and sepa-
rator. The ultra-thin 13 um CNTs film synthesized by the floating
catalyst CVD-growth method exhibits superior mechanical
strength with a breaking stress of ~82.1 MPa, which is just slightly
lower than that of commercial metal foil, but significantly higher
than that of carbon current collectors reported in the literature
[28,29,37—43]. Moreover, the sheet resistance of the CNTs film in
this study is as low as ~1.4 Ohm/sq, which is also far less than most
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reported carbon current collectors with the sheet resistance as high
as 5—50 Ohm/sq [23—27]. The thickness of the CNTs film can be
well controlled at ~13 pm, which is comparable to that of com-
mercial metal foil. More importantly, the CNTs film still shows
excellent flexibility after repeated folding in half at 180° and does
not cause cracking or delamination of the active materials.
Furthermore, to the best of our knowledge, LIBs using PTC-based
composite GPE as a new type of material have so far been barely
explored. The present work is one of the first scientific reports on
safety-enhanced PTC/LLZTO composite GPEs for flexible LIBs. It was
demonstrated that such porous PTC-based composite GPEs
exhibit superior ionic conductivity than Celgard/liquid electrolytes
and also exhibit high interface stability mainly due to the strong
absorption of liquid, high thermal stability, and high electro-
chemical stability at a broad temperature range. Combining special
properties of the CNTs film and PTC-based composite GPE, the
flexible battery exhibits not only superior flexibility even after
150,000 times mechanical bending, but also high safety even under
perforated conditions, indicating its promising applications for
high-performance flexible energy storage devices.

2. Experimental section
2.1. Materials

PTC (Mw = 400,000—600,000) was purchased from Wuhan
Methyl Technology Co., Ltd. LLZTO, LCO, and LTO were supplied by
Hefei Kejing Materials Technology Co., Ltd. LiTFSI was purchased
from Beijing Inno Chem Science & Technology Co., Ltd. The liquid
electrolyte in this study was purchased from Suzhou Duoduo
Chemical Technology Co., Ltd.

2.2. Preparation of the CNTs film

The CNTs film was synthesized using the floating catalyst CVD-
growth method. A solution of ethyl alcohol of absolute ethyl alcohol
with 1.2 vol% ferrocene and 0.4 vol% thiophene carried by Ar/H,
was injected at a rate of 20 mL/h into a horizontal furnace and
atomized at 1,300 °C. Under these synthesis conditions, the nano-
tubes spontaneously formed a continuous sock-like aerogel in the
gas flow, which can be blown out with the carrier gas. The
CNT aerogels were continuously wound by a rotating mandrel and
they were densified by in-situ liquid-spraying of an ethanol—water
solution. After the evaporation of the liquid, a multilayered seam-
less CNTs film with a maximum width of 1 m was prepared and can
be rolled into storage. The scalable production line using the
floating catalyst CVD-growth method is estimated to produce about
100,000 m? of CNT films per year. The large-scale preparation of
CNT films ensures the scalable production of flexible batteries.

2.3. Preparation of the composite gel polymer electrolyte

The porous composite GPE was synthesized using the phase
inversion method. First, LiTFSI (0.1 g), LLZTO, and PTC (2.5 g) were
completely dissolved in 10 mL of dimethylformamide (DMF) under
ultrasonic dispersion and magnetic stirring at 30 °C. The slurry was
used as a doctor-blading method cast on a clean glass plate and
then transferred into an ethanol bath to produce phase inversion
(ethanol molecules easily replace and occupy the position of DMF
solvent molecules. It is beneficial to form a porous structure).
Finally, the porous composite membrane was heated in a vacuum
oven for 24 h at 80 °C. To prepare composite porous GPEs with
different LLZTO contents, the samples with different mass ratios of
0, 5, 15, 25, and 40 wt% (LLZTO/(PTC + LiTFSI + LLZTO)) were pre-
pared and denoted as P-CPE-0%, P-CPE-5%, P-CPE-15%, P-CPE-25%,
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and P-CPE-40%, respectively. For comparison, the non-porous
composite GPE of PTC/LiTFSI without LLZTO was also fabricated
by direct drying method instead of the phase inversion method and
denoted as N-GPE-0%. The as-obtained membranes were immersed
into the liquid electrolyte (1.0 m LiPFg in EC/DEC = 1:1, v/v with
5.0% FEC) for 2 h, ultimately obtaining the composite GPE.

2.4. Electrochemical test for a flexible full cell

A flexible lithium—ion full cell was assembled in an Ar-filled
glove box with the CNTs film as the current collector, LCO as the
cathode, LTO as the anode, and composite GPE as the electrolyte
and separator. As current collectors, the rolled CNT films were
applied to a small LIBs production line, and the electrode materials
were coated by a blade-coating machine. In the subsequent elec-
trochemical performance test of a flexible full cell, the mass load-
ings of LCO and LTO were uniformly controlled at =5.8
and =4.0 mg/cm? respectively. For comparison, various mass
loadings of electrodes were also prepared. The mass loadings of the
LCO material were =3.6, =9.6, and =14.0 mg/cm?, and the cor-
responding mass loadings of the LTO material were =2.5, =6.6,
and =9.6 mg/cm?, respectively. The N/P ratio (negative electrode
capacity/positive electrode capacity) was ~0.8. The electrode was
composed of LCO (LTO), super P (SP) as the conductive additive, and
PVDF as the binder (LCO:SP:PVDF = 85:8:7 weight ratio). The
electrode was dried at 80 °C in vacuum for at least 10 h. The
assembled full cell was tested at different charge/discharge rates on
a Land battery tester (Wuhan Land Electronic Co. Ltd.). The range of
test voltage is 1.5—2.8 V.

2.5. Electrochemical evaluation

The ionic conductivities of GPEs were tested by Autolab, Met-
rohm via coin cell of stainless steel (SS)/GPE/SS by electrochemical
impedance spectroscopy (EIS) over the frequency range of
1072 Hz—10°% Hz with an amplitude voltage of 10 mV. The ionic
conductivity (¢) was evaluated from the equation:

d
O=5R 0
where R is the resistance value of the bulk electrolyte measured by
EIS, d is the thickness of the electrolyte membrane, and S is the area
of the electrode.

2.6. Characterization

The morphology and microstructure of the samples were
examined by scanning electron microscopy (SEM) (FE-SEM, Zeiss
Supra 55). The surface morphology was examined by white light
interferometry (BW-S501, Nikon) The crystalline phases of LLZTO
powder and GPEs were characterized by X-ray diffraction (XRD)
(D8 ADVANCE, Bruker). The wettability of the Celgard and various
GPEs was investigated with a surface contact angle test instrument
(Theta Lite, Biolin, Finland). The bending test was performed using
a specially designed stepper motor. The thickness of the CNTs film
was tested using a digimatic indicator (Mitutoyo, 0.001 mm).
Raman spectra were acquired with a LabRAM HR Evolution
(Horiba) Raman microscope with a 40x lens and 532 nm excitation
lasers. The EIS measurements were carried out using the Autolab
(Metrohm).
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3. Results and discussion
3.1. Flexible current collectors

Commercial LIBs use Al foil and Cu foil as current collectors for
the positive and negative electrodes, respectively. Such metal foils
are stiff and subject to fatigue failures and therefore cannot be used
in flexible batteries. A current collector for flexible batteries should
have superior flexibility, high strength, and high conductivity and
should retain its mechanical integrity after undergoing repeated
bending. As a promising choice for current collectors in flexible
LIBs, the reported research on the carbon material current collec-
tors is still in the laboratory stage, far from the scalable production.
For the practical application of flexible LIBs, scalable production of
carbon material current collectors is an inevitable requirement. In
this work, flexible CNT films which can be scalably prepared are
used as current collectors both for the positive and negative elec-
trodes. With a maximum width of 1 m, the mass-produced
CNT films can replace Al foil and Cu foil and can be applied to a
small LIBs production line to achieve scalable production of flexible
LIBs. To understand the mechanical flexibility of the CNTs film, the
CNTs film is folded as shown in Fig. 1a. A planar, unfolded CNTs film
(30 cm x 30 cm) can be folded up to six times (3.75 cm x 3.75 cm)
and still exhibits good flatness, with no obvious creases, demon-
strating its superior mechanical flexibility. The SEM image and
white light interferometry image of the surface characteristics for
the CNTs film are shown in Fig. 1b and c. The surface of the CNTs
film is porous, rough and consists of entangled nanotube bundles
that form an interconnected network. Fig. 1d shows that the hole
depth on the surface of the CNTs film is less than 1 um, which
ensures that the CNTs film has good thickness consistency and can
be scalably produced. The roughness and porosity are not found in
metal foil, as shown in Fig. S1.

The porous and rough surface of the CNTs film can contribute to
increase the contact area between the active material and the
current collector, therefore significantly increasing adhesion, as
shown in Fig. 2a and b. Fig. 2a and b shows the photographs of
flexibility comparison for the LCO cathode coated both on Al foil
(LCO/Al foil) and the CNTs film (LCO/CNTs film). The mass loading of
the LCO material both on Al foil and CNTs film is =5.8 mg/cm?. As
can be seen, the LCO/CNTs film electrode shows more deformable
capability than the LCO/AI foil electrode after 1,000 times me-
chanical bending with a bending radius of 1 mm. No delamination
and crack occurred on the LCO/CNTs film but it is clearly shown on
LCO/ALI foil. Moreover, to further explore the morphological char-
acteristics of the flexible electrodes, cross-sectional SEM images on
the region of electrodes under stress were taken, as shown in Fig. 2¢
and d. Cross-sectional SEM images after bending also show that no
cracking or delamination occurs on the LCO/CNTs film (Fig. 2e) but
itis clearly shown on LCO/Al foil (Fig. 2f), further demonstrating the
superior mechanical flexibility of the flexible electrode when using
the CNTs film as the current collector. In addition to the superior
flexibility, the rough, porous surface of the CNTs film can increase
the contact area with the active material. The other reason for
increasing the mechanical flexibility of the electrode is that the
deformable capability of the CNTs film is conductive to the
embedding and integration of the active material particles through
rolling, as shown in Fig. 2e.

To further explore the influence of mass loading on electrode
flexibility, the surface and cross-sectional SEM of the LCO/CNTs film
with various mass loadings after 1,000 times mechanical bending
were carried out and the images are shown in Fig. S2. Although the
mass loading of the LCO material increases from 3.6 to 14.0 mg/cm?,
no delamination still occurs on the region of electrodes under
stress. However, it must be pointed out that with the increase of
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Fig. 1. a) Folding procedures of a CNTs film with six folds. (b) SEM image of the surface morphology of the CNTs film (inset: thickness of the CNTs film). c) White light interferometry

image of the CNTs film. d) A profile graph measured along a 15 pm user-drawn black line.

mass loading, cracks in the active material layer become more and
more obvious. This is because the higher the mass loading, the
thicker the active material layer. Therefore, the flexibility of the
active material layer will have a certain decline.

The mechanical strength and deformable capability of the CNTs
film, Al foil, and Cu foil were tested and the stress—strain curve is
shown in Fig. 3a. The strain of the CNTs film is ~20%, which is much
higher than those of Al foil and Cu foil of 2% and 7%, respectively. It
is suggested that the CNTs film has excellent deformable capability.
The breaking stress of the CNTs film is ~82.1 MPa, just slightly lower
than that of Al foil (~108.1 MPa) and Cu foil (~121.6 MPa), but
significantly higher than that of most carbon current collectors
reported in the literature with the values in the 5—15 MPa range
[26,28—30]. For example, Arias et al. reported that the breaking
strength and stress of CNTs flexible current collectors are ~9.16 MPa
and 0.4%, respectively [26]. Cheng et al. reported a flexible S-carbon
nanotubes current collector synthesized by CVD, which can sustain
a 10 MPa stress with 9% strain [29]. The increase in tensile strength
is due to the fact that the CNTs film is composed of entangled
nanotube bundles that form an interconnected network, which is
not a feature of other carbon-based materials. The improved CNTs
film in this study with high breaking stress and strain is desirable to
reduce electrode rupture or cracking during bending, and this also
exhibits a high consistency with the SEM images of Fig. 1d—f.

The conductivity of the current collector is closely related to the
electrochemical performance of the battery, and the graphitization
degree of the CNTs film is also closely related to its electrical con-
ductivity. Therefore, to confirm the graphitization degree of the
CNTs film, Raman spectra are tested and displayed in Fig. S3. The
group of peaks observed at 1,350 and 1,580 cm ™! can be assigned to

the disorder-induced phonon mode (D band) and graphite band (G
band), respectively [7,44]. The intensity ratio of the D band to the G
band (Ip/Ig) is 0.11, demonstrating the high graphitization of the
CNTs film. The high graphitization of the CNTs film can contribute
to improving its electrical conductivity, and the sheet resistance of
the CNTs film is only as low as ~1.4 Ohm/sq, which is far less than
most reported current collectors of carbon materials, with the sheet
resistance as high as 5-50 Ohm/sq [23—27]. Such enhancement in
conductivity will improve the electrochemical performance of
flexible batteries when using the CNTs film as the current collector.

Thickness tests are performed at random locations on the CNTs
film, Al foil, and Cu foil (inset of Fig. 1b and Table S1). As can be seen,
the thickness of the CNTs film is relatively uniform compared to Al
foil and Cu foil, and the average thickness is about 13 um, which
shows similar thickness to Al foil (=16 um) and Cu foil (=10 pm).
However, the density of the CNTs film is only 0.32 g/cm~>, calcu-
lated according to Table S2, which is much lower than the values of
Al foil and Cu foil of 2.66 and 8.85 gjcm >, respectively. The lower
density of the CNTs film contributes to the enhancement in gravi-
metric energy density of LIBs. The gravimetric energy density of the
fabricated flexible LCO/LTO electrodes using the CNTs film and
metal foil (cathode using Al foil and anode using Cu foil) in different
areal capacities is shown in Fig. 3. As can be seen, the gravimetric
energy density using the CNTs film is far more than using metal foil.

Therefore, sufficient conductivity, strong adhesion, uniform
thickness consistency, strong mechanical flexibility, and scalable
production of the CNTs film can meet the requirements of flexible
LIBs for current collectors. Moreover, the scalable production of
CNT films is compatible with the mainstream industrial production
of LIBs.
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Fig. 2. Photographs of a LCO/CNTs film and LCO/Ai foil a) before and b) after bending 1,000 times and the corresponding (c and d) cross-sectional SEM images. e) Schematic diagram
of interface contact between active materials and various current collectors.
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Fig. 3. a) Stress—strain curves of various current collectors. b) The gravimetric energy density of the fabricated flexible LCO/LTO electrodes using the CNTs film and metal foil
(cathode using Al foil and anode using Cu foil) in different areal capacities.

3.2. Gel polymer electrolytes material, providing high mechanical integrity. The highest dielec-
tric constant of PTC (50—57) compared to previously reported PE

The composite porous GPE consists of the PTC polymer, LLZTO (2.3), PP (2.2—-2.3), PEO (~5), PAN (5.5), PMMA (3.0), and PVDF
nanoparticle, LiTFSI salt, and liquid electrolyte. A PTC polymeric (8.15—10.46) is critical to GPE through improving the dissociation
framework is adopted in the composite porous GPE as the host degree of LiPFg [45]. Increasing the dissociation degree of LiPFg can
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obviously increase the ionic conductivity of GPE. Conventional pure
polymer GPEs suffer from low ionic conductivity, poor mechanical
property, and poor thermal stability. Therefore, a variety of inor-
ganic/organic fillers or plasticizers had been added to enhance their
properties [46]. Recently, active fillers (LLZO, LLTO, and LLZTO),
which participate in the conduction process, rather than passive
fillers (Al,03, SiO,, TiO,, BaTiOs, and so on), are preferentially used
to fabricate high-conductivity GPEs. In this study, we choose LLZTO
as an active filler. LLZTO is one of the most promising solid-state
fast Li* conductors, exhibiting high ionic conductivity and excel-
lent chemical and thermal stability. To prepare composite porous
GPEs with different LLZTO contents, samples with different mass
ratios of 0, 5, 15, 25, and 40 wt% (LLZTO/(PTC + LiTFSI + LLZTO))
were prepared and denoted as P-CPE-0%, P-CPE-5%, P-CPE-15%, P-
CPE-25%, and P-CPE-40%, respectively (for details, see the experi-
mental section). For comparison, the non-porous composite GPE of
PTC/LiTFSI without LLZTO was also fabricated and denoted as N-
GPE-0%. As shown in Fig. S4a, the average particle size of nano-
LLZTO is about ~500 nm in the SEM images. The XRD patterns of the
as-prepared LLZTO, P-GPE-0%, and P-GPE-25% are shown in
Fig. S4b. The distinct peaks of LLZTO around 17, 19, 25, 27, 31, and
34° can be indexed to the crystalline phases of the cubic structure
(JCPDS no. 80-0457), suggesting the high quality of the LLZTO
nanoparticles. When LLZTO and PTC are composited, the patterns of
P-GPE-25% contain the peaks of LLZTO and the wide peak of the PTC
matrix. In Fig. S5, the EDS mapping images of P-GPE-25% show that
La, Zr, and O are evenly distributed, which confirm the uniform
distribution of the LLZTO among the GPEs.

In the phase inversion procedure of LLZTO-filled GPEs, the sol-
vent exchange process between DMF and ethanol is good for
creating a 3D porous structure for Lit migration, and the corre-
sponding SEM images of surface morphology for various GPEs are
shown in Fig. 4b—f [47,48]. The cross-sectional SEM images show
that the thickness of all GPE membranes is approximately 15 pm.
The obtained GPE membranes by the phase inversion procedure
can replace a conventional separator and be applied to a small LIBs
production line in this study to achieve scalable production of
flexible LIBs. The SEM images show many 3D porous structures on
the surface and inside of P-GPE-0—40% prepared by the phase
inversion method, but not show in N-GPE-0% prepared by the
drying method (Fig. 4a).

The 3D porous structure can enhance the wettability of GPEs
with liquid electrolytes and promote homogeneous Li* distribu-
tion. It must be pointed out that when compounded with LLZTO
nanoparticles, P-GPE-5—40% demonstrate smaller pores than P-
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GPE-0%, and the pores become smaller with the increase in the
LLZTO content. Since the porous structure is produced by the sol-
uble PTC polymer during the phase inversion procedure, therefore,
with the addition of insoluble LLZTO nanoparticles into the PTC
host, the porous structure becomes less and the pore size becomes
smaller. The smaller porous structure could remarkably enhance
the mechanical strength of GPEs. As shown in Fig. S6, P-GPE-40%
with the highest LLZTO content exhibits the highest stress of
1.24 MPa, which is higher than P-GPE-0%, P-GPE-5%, P-GPE-15%,
and P-GPE-25% with the value of 0.73, 1.08, 1.08, and 1.09 MPa,
respectively.

The FTIR spectra of various GPE samples are presented in Fig. 5a.
The peak at 880 cm ™ is attributed to the vibration of C—C, the peak
at 964 cm™ ! is attributed to the twisting vibration of —CH,, the peak
at 1,060 cm™! is attributed to the stretching vibration of C—0, and
the peak at 1,170 cm~! is attributed to the vibration of C—F [49,50].
The diffraction peaks of the XRD pattern around 18, 20, and 43°
(Fig. S4b) and the peaks of the FTIR spectrum at 811, 835, and
1236 cm~! indicate the existence of y-phase PTC in the
GPE samples [51]. Moreover, the peak areas of C—C, —CH;, C—0, and
C—F gradually decrease with the increase of the LLZTO content.
These results indicate that the GPEs have lower crystallinity with
the introduction of LLZTO, which can indirectly increase the free-
lithium ions and further improve the electrochemical perfor-
mance of LIBs using composite GPEs. The liquid electrolyte uptake
capability correlates strongly to the contact angle. The contact
angle results of the various GPEs in Figs. S7 and 5b show that all
PTC-based GPEs exhibit a higher contact angle than the Celgard
separator at an early stage (t = 10 s), indicating its superior elec-
trolyte wettability to polyethylene (PE), which is the main con-
stituent substrate of the Celgard separator. In all GPEs, P-GPE-25%
exhibits the lowest contact angle of 17°. This is because after adding
LLZTO ceramic powders into the polymer host, the composite
electrolyte/liquid electrolyte interfacial energy decreases [52].
Therefore, as shown in Fig. 5c, P-GPE-25% exhibits the largest
electrolyte uptake ratio of 337%, larger than the uptake of the
Celgard separator (236%) and P-GPE-0% without LLZTO (321%),
respectively.

The effects of morphology, LLZTO percentage, and electrolyte
uptake on the ionic conductivity of GPEs are determined by EIS and
calculated by Equation (1), and the results are shown in Fig. 5d. It
shows that non-porous N-GPE-0% exhibits the lowest ionic con-
ductivity compared to porous P-GPE-0—40%. Moreover, the
maximum ionic conductivity of porous GPEs is achieved at the
LLZTO content of 25 wt% (P-GPE-25%). The ionic conductivity of P-

Fig. 4. SEM images of the surface morphology of a) N-GPE-0%, b) P-GPE-0%, c) P-GPE-5%, d) P-GPE-15%, e) P-GPE-25%, and f) P-GPE-40% samples. Cross-sectional SEM images of g) P-

GPE-0% and h) P-GPE-25% samples.
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Fig. 5. a) FTIR spectra of various GPEs. b) The contact angle results, c) electrolyte uptake, and d) ionic conductivities of the Celgard separator and various GPEs.

GPE-25% is 2.01 x 10~ Sjcm, which is ~102 times higher than that
of the non-porous N-GPE-0% and ~1.6 times higher than that of the
Celgard separator. However, when the LLZTO content increases to
45 wt%, the ionic conductivity decreases, which may be related
with that the excessive aggregation of the LLZTO nano-particles
and the decreased contact angle decrease the ionic conductivity
of P-GPE-45%. Furthermore, the temperature-dependent ionic
conductivities of various GPEs are illustrated in Fig. S8. The ionic
conductivities of various GPEs gradually increase as the tempera-
ture increases from 25 to 60 °C. P-GPE-25% also exhibits the
maximum ionic conductivity among the various GPEs at different
temperatures. It reaches 1.8 x 103 S/cm at 25 °C, 2.2 x 1073 Sjcm at
40°C, and 2.6 x 1073 S/cm at 60 °C. The reasons for the higher ionic
conductivity of P-GPE-0—45% than the Celgard separator are: 1)
PTC has a high dielectric constant (50—57) than polyethylene of
Celgard separator (2.26—2.4) [45,53]. This can generate a large
number of charge carriers by effectively dissociating LiPFg [54]. 2)
The porous structure of GPEs contributes to adsorbing more liquid
electrolytes and further enabling liquid electrolytes to penetrate
into the polymer chains and expand the amorphous polymer into a
gel state [55,56]. 3) As a solid-state fast Li* conductor, the LLZTO
can provide a continuous Lit transport channel. 4) The introduction
of LLZTO nano-particles can decrease the crystallinity of PTC, thus
increasing the segmental mobility of PTC, and further improving
the migration of Li ions [57]. 5) Due to the high cation conductivity
of LiTFSI, the addition of LiTFSI can increase the fraction of free Li
ions and thereby enhance the Li-ions transport [58].

Thermal shrinkage of the GPEs is a vital aspect to evaluate the
safety characteristics of the LIBs. SEM images and digital photo-
graphs (insets) of the Celgard separator and various GPEs before and
after storage at 180 °C for 1 h are shown in Fig. 6. It can be easily
found that the Celgard separator suffers a severe shape shrinkage,
and the pores disappear due to the hot melting of PE after the
thermal treatment. However, although the pore of P-GPE-0% without
LLZTO also disappeared after the thermal treatment, the shrinkage
rate of the P-GPE-0% membrane is far less than that of the Celgard
separator, demonstrating the excellent thermal stability of PTC than
PE. However, P-GPE-25% with an LLZTO content of 25 wt% still re-
tains the same shape and pore diameter under the same conditions.
Although the treatment time was extended to 3 and 5 h, most of the
pores for P-GPE-25% disappeared due to the hot melting of PTC, but
only slight shrinkage of the P-GPE-25% membrane occurred (Fig. S9).
When the treatment temperature was decreased to 160 °C and the
treatment was carried out for 3 and 5 h, the pore diameter and
dimension of the P-GPE-25% membrane were stable. The phenom-
enon reveals that such composite porous electrolytes can effectively
eliminate the safety threat caused by internal short-circuit and
improve the battery performance under no more than 160 °C.

To further investigate the advantage of the porous GPEs in the
cycling stability, Li/Li symmetrical cells with P-GPE-25%, N-GPE-0%,
and Celgard separator were assembled, respectively. As shown in
Fig. 7, P-GPE-25% delivers long-term cycle stability over 700 h un-
der 0.25 mA/cm?. The near-constant overpotential is as low as
4 mV. The SEM image of Li foil in Fig. 7c after cycling confirms the
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Fig. 6. SEM images of a and b) a commercial Celgard separator, ¢ and d) P-GPE-0%, and e and f) P-GPE-25% before a, ¢, and e) and after b, d, and f) thermal treatment at 180 °C for 1 h

(inset: corresponding photographs).

non-existence of Li dendrite. In contrast, the overpotential of the
Celgard separator is initially maintained at ~25 mV for 500 h and
gradually increases to over 75 mV after 600 h, and the Li foil after
cycling is rougher as compared with those in cells with P-GPE-25%
(Fig. 7d). Furthermore, obvious dendrite formation is also observed
for N-GPE-0% due to the low ionic conductivity (Fig. 7e). It confirms
that P-GPE-25% with high Li* diffusivity and interface stability is
beneficial for inhibiting lithium dendrites growth.

EIS was used to measure the impedance of Li/Li symmetrical
cells with various GPEs at room temperature. Fig. S10 shows the EIS
spectra of cells with N-GPE-0%, P-GPE-0%, and P-GPE-25% after 200,
500, and 600 h cycling at 0.25 mA/cm?, respectively. The EIS spectra

—— Celgrad
—— P-GPE-25%

0.25 mA cm’™

Voltage (V)

T T T T
300 400 500 600

Time (h)

T T T
0 100 200

consist of two distinct arcs, of which one is in the higher frequency
range corresponding to the interfacial resistance of the passivation
film Rf, whereas the other is in the lower frequency range corre-
sponding to the charge transfer resistance R¢¢ [59]. The Rf with P-
GPE-25% is much lower than those with N-GPE-0% and P-GPE-0%.
The interfacial resistances of P-GPE-25% are only 28.1, 34.6, and
57.8 Q after 200, 500, and 600 h cycling, respectively, indicating the
suppressed Li dendrites. In contrast, the Rf with N-GPE-0% signifi-
cantly increases from 30.4 to 160.2 Q after 600 h cycling and the Ry
with P-GPE-0% also significantly increases from 22.6 to 132.8 Q
after 600 h cycling. The large fluctuations of Rf are consistent with
the results of the uneven Li dendrite growth in Fig. 7e.

—— P-GPE-25%
0.008 - b) -
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2
@ 0.000
15
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Fig. 7. a and b) Voltage profiles for Li/Li symmetric cells with different separators during galvanostatic cycles under 0.25 mA/cm? with 0.5 h stripping and 0.5 h plating alternating
steps at 25 °C. SEM images of the Li—metal surface for c) P-GPE-25%, d) Celgard separator, and e) N-GPE-0% cells after 700 h cycling.
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3.3. Flexible lithium—ion batteries

The electrochemical study of pouch-type flexible full cells was
investigated. All full cell was assembled using LCO as the cathode,
LTO as the anode, the CNTs film as the flexible current collector, and
various GPEs as the electrolyte and separator. A schematic illus-
tration of the structure of a flexible full cell is presented in Fig. 8a.
With the aim to investigate the rate performance of various GPEs at
various current densities between 1.5 and 2.8 V, an extended rate
performance test from 0.2 to 2 C is conducted and shown in Fig. 8a.
It is apparent that the rate performances of all porous GPEs (P-GPE-
0% and P-GPE-25%) are better than that of non-porous GPEs (N-
GPE-0%) (Fig. 8b). Moreover, the addition of LLZTO will also have
significant improvement on the electrochemical performance.
Notably, N-GPE-25% exhibits the best rate performance among
various GPEs with values of 151.9, 149.4, 142.7, and 132.8 mAh/g for
0.2, 0.5, 1, and 2 C, respectively. When recycled back to 1, 0.5, and
0.2 C, its discharge capacity can still reach 142.7, 147.7, and
150.0 mAh/g, respectively. Furthermore, N-GPE-25% also exhibits
the best cycle performance among various GPEs (Fig. 8c). The ca-
pacity retention of N-GPE-0%, P-GPE-0%, and P-GPE-25% are 21.3%,
64.6%, and 100% after 200 cycles, respectively. The coulombic effi-
ciency of P-GPE-25% during the cycling process maintains at ~100%.
The improved electrochemical performance of P-GPE-25% could be
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attributed to the improved ionic conductivity of P-GPE-25% and the
stable interface between electrodes and GPEs in the cell as pre-
sented in Fig. 7c and d.

To investigate the flexibility of the optimum P-GPE-25% full cell
(mass loading of LCO: 5.8 mg/cm?), an in-situ bending test was
carried out using a specially designed stepper motor during the
charge/discharge cycling. The in-situ bending test was performed
at a low speed of 3 mm/s with a bending radius of 1 cm. Bending
was carried out approximately 90 times on one electrochemical
cycle at 1 C and the charge/discharge curves are shown in Fig. 8d.
Overall, there is almost no shift in the charge/discharge curve,
indicating an excellent electrochemical stability and mechanical
robustness for the flexible full cell. However, when the mass
loading of the LCO material is increased to 9.6 and 14.0 mg/cm?, the
polarization of the charge/discharge curves increases significantly,
and there is a slight shift in the charge/discharge curves, indicating
that the cracks of the active material layer have an adverse effect on
the flexibility of the battery (Fig. S11). Moreover, the flexibility of
the full cell was further tested by mechanical bending at a speed of
200 mm/s with a bending radius of 1 cm. A charge and discharge
cycle was tested at 1 C after every 10,000 times mechanical
bending. The discharge-specific capacity of the battery after
different bending times is shown in Fig. 8e. The flexible battery
could deliver a high discharge initial capacity of 138.3 mAh/g, after
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Fig. 8. a) Schematic picture of the flexible Li-ion battery using the CNTs film as a current collector and PTC-based GPE with LLZTO as the electrolyte and separator. b) Rate per-
formance and cycle performance of flexible full cells. c) The charge/discharge curves of a flexible battery with =90 times in-situ mechanical bending. e) Cycle performance of the
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Fig. 9. Folding and punching test for the flexible battery. a) Initial state of the device. b) After the first fold. c) After the second fold. d) After the first punch. e) After the second

punch. f) Voltages of the flexible battery under a different status.

150,000 times mechanical bending; its specific capacity can still
reach 128.2 mAh/g and only 7% of the initial capacity is lost and it
displays the excellent flexibility of the flexible battery. The charge/
discharge curves of the flexible full cell maintain stability with little
polarization at the 10,000th, 30,000th, 60,000th, 90,000th, and
150,000th bending times (insets of Fig. 8e). The comparison of
bending or folding times with literature reports is exhibited in
Fig. 8f [1,26,60—65]. Moreover, the comparison of more detailed
information is exhibited in Table S3. Upon comparison with the
literature reports, it was found that flexible batteries that could
bend so many times have not been reported.

Unlike conventional coin, column, or square-shaped batteries,
which are intolerant to any damages, the flexible battery can be
tailored to any desired shape to meet the demands of high-level
integration and wearability. It is very impressive that the unpack-
aged flexible battery was still able to power a green light-emitting
diode (LED) after folding and punching a few times. (Fig. 9a—e). It is
noteworthy that the open voltage of the flexible battery remained
at 2.34V, over 92.8% of the initial value, demonstrating an ignorable
current leakage during folding and punching. These results
demonstrate that the flexible battery can serve as a reliable and
tailorable energy storage unit that can be shaped as required to
cater to future wearable applications.

4. Conclusions

In summary, we successfully fabricated a safety-reinforced
flexible and foldable LIB for future scalable production. The flexible
battery uses LiCoO, as the cathode, LisTis01, as the anode, a CNTs
film as the flexible current collector, and a novel porous composite
gel polymer electrolyte as the electrolyte and separator. The flexible
CNTs film that can be fabricated on a large scale is ultrathin and
ultra-light, with a high mechanical strength and a high electrical
conductivity, and it can be repeatedly bent tens of thousands of
times without plastic deformation. The rough and porous surface
characteristics of the CNTs film can contribute to increasing the
contact area between the active material and the current collector,
therefore significantly increasing adhesion and avoiding cracking
or delamination. More importantly, the thin CNTs film minimizes

10

the thickness of inactive components within the battery and also
enhances the gravimetric energy density 1.6 times higher than
those from the standard battery using metal current collectors. In
addition, benefiting from the porous structure and compositing
with LLZTO and LiTFSI, the as-prepared PTC-based GPEs exhibit a
high ionic conductivity and superior thermal and electrochemical
stabilities and therefore effectively prevent Li-dendrite propaga-
tion. As a result, the flexible LIB using the CNTs film and porous
composite GPE in this study presents excellent flexibility, good rate,
and cycle performance. More importantly, excellent safety charac-
teristic is obtained even under extremely severe conditions, such as
repeated folding and punching. This work not only exhibits the
solution for flexible energy storage devices but also provides a new
platform for the scalable applications of flexible and wearable en-
ergy storage technologies.
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