COMMUNICATION

'-) Check for updates

small

Wearable Electronics

www.small-journal.com

Ultrahigh-Energy Density Lithium-lon Cable Battery Based
on the Carbon-Nanotube Woven Macrofilms

Ziping Wu,* Kaixi Liu, Chao Lv, Shengwen Zhong, Qinghui Wang, Ting Liu,
Xianbin Liu, Yanhong Yin, Yingyan Hu, Di Wei,* and Zhongfan Liu*

Moore’s law predicts the performance of integrated circuit doubles

every two years, lasting for more than five decades. However, the
improvements of the performance of energy density in batteries lag far
behind that. In addition, the poor flexibility, insufficient-energy density, and
complexity of incorporation into wearable electronics remain considerable
challenges for current battery technology. Herein, a lithium-ion cable battery
is invented, which is insensitive to deformation due to its use of carbon
nanotube (CNT) woven macrofilms as the charge collectors. An ultrahigh-tap
density of 10 mg cm2 of the electrodes can be obtained, which leads to an
extremely high-energy density of 215 mWh cm™. The value is approximately
seven times than that of the highest performance reported previously. In
addition, the battery displays very stable rate performance and lower internal
resistance than conventional lithium-ion batteries using metal charge
collectors. Moreover, it demonstrates excellent convenience for connecting
electronics as a new strategy is applied, in which both electrodes can be

and even folded.*’ To this end, several
recent studies have tried to realize flex-
ible and even foldable batteries with a 2D
planar structure.® ¥ Comparing such
2D planar structure with conventional 3D
bulky structure, unique 1D cable structure
allows LIBs to be deformable in all dimen-
sions, and its size can also be lessened
and woven into textiles to satisfy different
shapes for human bodies.'6-17]

To realize the concept, LG Chem. Lid.
first achieved cable-shaped flexible LIBs
based on hollow multihelix electrodes in
2012.81 Subsequently, several types of
batteries with the cable shape have been
developed by Peng and other groups.°-33
For example, the cable battery electrode
could be obtained after the metallic current
collectors were immersed?%2! or electro-

integrated into one end by a CNT macrorope. Such an ultrahigh-energy
density lithium-ion cable battery provides a feasible way to power wearable

electronics with commercial viability.

Energy storage devices present a significant challenge in devel-
oping a robust deformable system to seamlessly integrate with
intelligent wearable electronics.'"3! Lithium-ion batteries (LIBs)
are considered promising power sources for deformable func-
tions if they can be stretched, compressed, rolled, deformed,
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chemically deposited? into active mate-
rial suspension or that sputtered on cur-
rent collectors, followed by twisting treat-
ment.>?] Lithium-sulfur batteries/26-28]
and sodium-ion batteries?”) with cable
shape have also been demonstrated through a similar method.
Zinc air,B%31 aluminum air,? and lithium air®*34 with 1D
structure have been achieved through loading electrocatalysts
on the electrode as well. Different cable-shaped batteries dis-
played different specific capacities and flexibilities. Limited to
current technologies, tap densities of active materials on pre-
sent flexible and thin current collectors are not high, resulting
in low-energy densities. In addition, both the gravimetric and
volumetric energy density will be reduced further if metals such
as Cu or Al are used as charge collectors due to the increase in
both weight and volume of packages. Moreover, the metals used
in batteries are not suitable when worn on the body. In addition
to the above problems, the present structures of the reported
cable-shaped batteries are not always convenient to be con-
nected to electronics because the positive and negative tabs are
generally placed at each end of the cable to avoid short circuit.
In this study, we report an ultrahigh-energy density lithium-
ion cable battery based on carbon nanotube (CNT) woven
macrofilms (CMFs). Free-standing CMFs are used to load
active materials with ultrahigh-tap density. Flexible CNT mac-
rorope (CMR) is integrated in the center to connect one tab,
leading both tabs in one end of the cable battery for excellent
convenience to connect electronics. Compared with previous
studies, the stable performance of our battery is insensitive to
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Figure 1. Schematic diagram and prototype of the lithium-ion cable battery. a) Side view;
b) cross-section; c) the side-view photograph of the lithium-ion cable battery; d) cross-section;
and e) the prototype of lithium-ion cable battery including CMR.

deformation and it could be bent down to less than 4 mm.
Importantly, the active materials were infiltrated into the porous
surface of the CMF, which mitigates delamination. Thus, active
materials with high-tap density are strongly adhered to CMF,
increasing the tap density to 10 mg cm™2, leading to extremely
high-energy density of 215 mWh cm=3.B-151934 This value is
approximately seven times than that of the highest performance
as previously reported. The lithium-ion cable battery reported
in this study displays full flexibility, convenient weaving, high-
energy density, and scalability of manufacturing, showing
applications in wearable electronics with commercial viability.
Figure 1 is a schematic and photograph of the lithium-ion
cable battery. As illustrated in Figure 1a,b, the design comprises
the CMR, insulation layer, cathode, separator, anode, and the
electrolyte. Flexible electrodes and separator were wrapped
around the cable-shaped structure layer by layer, which is
shown in Figure S1 (Supporting Information). To avoid con-
tact between the CMF and CMR, the insulation layer between
them was used. The electrodes with ultrahigh-tap densities and
other components are tightly attached to each other, resulting
in a flexible lithium-ion cable battery that can be stretched,
compressed, rolled, or deformed. Generally, the diameter of
the cable-shaped battery is about several millimeters, which
makes the positive and negative tabs quite near to each other.
If the two tabs are arranged at the same end, they are easily
contacted and short circuit occurs. The CMR in the center
of the battery strengthened the mechanical property of the
assembled cable. Furthermore, the CMR in the core serves as
a flexible conductivity, and the positive and negative tabs in
each end of the cable battery could be integrated at the same
side, thereby leading to convenient processing technology,
for example, the obtained lithium-ion cable battery can be
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integrated into the weaving or knitting pro-
cess. The side view and cross-sectional struc-
ture of the battery was observed by cutting
the cable. The optical images (Figure 1c,d)
show the well-constructed morphology of
the cable, including CMR, inner insulation
layer, cathode, separator, anode, and outer
insulation layer. The tight combination of the
different flexible parts in the LIB is displayed
clearly, which may lead to stable electrochem-
ical performances and excellent flexibility.
We prepared a prototype of the lithium-ion
cable battery, as shown in Figure le. The flex-
ible cable has a length of 1200 mm with a
diameter of about 2 mm.

Figure 2 shows the morphology of CMR
and performance of CMF current collector
before and after the active material was
coated. The prepared CMR with several
meters is lightweight, flexible, and can be
stretched, bent, or folded easily as shown in
Figure 2a. It can also be twisted or undone
easily without any interfiber adhesion, thus
indicating high strength and flexibility. The
good electrical conductivity of the CMR
has been demonstrated in detail in our pre-
vious studies.?® The as-prepared CMFs at
2800 mm length and 50 mm width are very lightweight (less
than 1 g) as illustrated in Figure 2b. In addition, the CMF can
also be bent, folded, or tailored easily, exhibiting no destruc-
tive changes for themselves. Thereby, CMFs indicate a good
structure uniformity and flexibility. The strength of the CMF
has also been demonstrated in Movie S1 (Supporting Infor-
mation). Therefore, different active materials could be loaded
on them. The surface of the CMF is porous and consists of
entangled nanotube bundles that form an interconnected
network (as shown in Figure S2a of the Supporting Informa-
tion). The active materials of LiCoO, (LCO) and Li;TisO4,
(LTO) can be observed in the X-ray diffraction (XRD) patterns,
as shown in Figure S2b,c (Supporting Information). After the
active material slurries were coated on CMF and then dried, it
is intact on the CMF as shown in Figure 2c¢ (and Figure S3a,
Supporting Information). Moreover, the tap density of the
anode active materials on the CMF increased to a remarkably
high mass loading of 10 mg cm™2. The results showed that the
active materials coated on CMF are flat and show good dura-
bility making the formed electrode display excellent mechanical
flexibility. When the electrode was rolled up, the active mate-
rials remain intact on CMF, without any anode or cathode
active materials detached from the current collectors, as shown
in Figure S3b (Supporting Information). From the typical
images of Figure S3c,d (Supporting Information), it can be
seen clearly that LCO has been infiltrated into CMF, in contrast
to the LCO-metallic film where there is a space between active
materials and metallic foil. The results demonstrated strong
interfacial bonding between the active materials and the CMF.
As a parallel experiment, both the CMF and commercial Cu
foil loaded with the same amount of anode material have been
folded in half. The results are shown in Figure 2d-g. In the case
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Figure 2. The morphology of CMR, CMF, and after active material coated. a) The photograph of CMR and b) CMF; ¢) LTO with ultrahigh-tap density
coated on the CMF; d) optical microscopy and e) SEM image of the LTO-CMF electrode without cracks after being folded in half; and f) optical
microscopy and g) SEM image of LTO-Cu-formed cracks after being folded.

of LTO-CMF electrode, the LTO remains intact on the CMF,
although a slight line can be observed in Figure 2d. The scan-
ning electronic microscopy (SEM) image shown in Figure 2e
indicated that the LTOs are still connected together despite the
fact that the slight line occurred. In contrast, the covered Cu foil
was clearly revealed after it has been folded, showing a large
space between LTO and Cu foil (Figure 2f,g). The results indi-
cate that some of the LTO layers have been completely detached
from the LTO-Cu electrode. This result may be attributed to the
porous surface of the CMFs, enabling active material to infil-
trate into and integrate with the CMF structure. The roughened
surfaces and nanoporous architectures could improve the inter-
face of the current collector and active material.?638 On the
other hand, electrode slurries cannot penetrate deeply into the
surface of any commercial metal current collectors, and thus,
their durability is poor when subjected to deformation cycles in
flexible or foldable devices. The CMRs, CMFs, and CMF-based
electrodes are mass produced with excellent flexibility, good
electrical conductivity, and stable performance, indicating the
viability for commercial applications.

Stable electrochemical performances of the flexible lithium-
ion cable battery could be obtained because of the strong inter-
facial bonding between the active material and CMF interface.
The rate performance and other electrochemical behavior of the
lithium-ion cable battery are evaluated in Figure 3. In general,
the rate performance of a battery can be reflected by capacity
maintenance at different rates. To explore the effect of charge/
discharge rate (C-rate) on the performance, the lithium-ion
cable battery was discharged at different C-rates from 0.1 to 3 C
(1 C of current density is =0.15 A g!) and then discharged again
at 0.1 C. Note that a C-rate of nC means that battery charges/
discharges in 1/n hour. The charge or discharge processes of
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the lithium-ion cable battery exhibit similar trends of perfor-
mance shown in Figure 3a, and the specific capacity retention of
both processes is about 100% at 0.1-1 C. The difference in the
performance of the two processes magnifies as C-rate increases.
However, the variation in the capacity (C/Cy) does not exceed 5%
at 3 C and is quite negligible at low C-rates (inset in Figure 3a).
C and C, correspond to the specific capacities of different cycles
and of the first cycle. These results indicate that our flexible bat-
tery could serve as a viable replacement for conventional bat-
tery at C-rates of 0.1-1 C, which is the typical range for flexible
electronics. Galvanostatic discharge profiles at different cycles
of the flexible cable at 0.5 and 1 C can also be seen in Figure S4
(Supporting Information). The lithium-ion cable battery
exhibits a high-insertion capacity of 135 mAh g!. The dein-
sertion capacity is =114-131 mAh g! at 0.5 and 1 C. There-
fore, the majority of Li* can be intercalated in electrodes and
can also be deintercalated from electrodes. The stability of the
battery at operation state is demonstrated in Figure 3b,c. The
open-circuit voltage of the full flexible cable is always =2.6 V
whether it maintains releasing or wrapped state. In addition,
similar charge/discharge curves and electrochemical imped-
ance spectroscopy (EIS) of the battery at releasing or different
wrapped number can also be seen in Figure S4c,d (Supporting
Information). Movie S2 (Supporting Information) also dem-
onstrates such stable properties. To demonstrate the excellent
flexibility and cycle performance when the cable battery is bent
or twisted, it was tested in the releasing state during the first
30 cycles and then in twisting state for another 40 cycles. In
the remaining 30 cycles, the battery was untwisted and tested
in releasing state. The specific capacity of the cable-shaped bat-
tery is quite insensitive to state of deformation if the C-rate was
=0.5 C as shown in Figure 3c. If the C-rate increased to =1 C, the
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Figure 3. The electrochemical performance of the lithium-ion cable battery. a) Rate performance of the cable and the inset shows the dependence of
specific capacity on current rate; b) the dependence of the open-circuit voltage on wrapping number of the battery, correlation of C and Cj to the specific
capacities of different cycle and the first cycle; c) cycling performance and the dependence of specific capacity on the number of cycle times of the device
between releasing and twisting states; and d) galvanostatic charge/discharge of the LTO-CMF and LTO-Cu electrodes at charge/discharge rates of =2 C.

capacity retention of the battery will be decreased to 86.2%. The
coulombic efficiency during the entire releasing and twisting
process was nearly 100%. These results demonstrate that
performance of the battery is largely unaffected by the defor-
mation process. In addition, similar performance of the battery
can be observed after being twisted 100 cycles (Figure S5a, Sup-
porting Information), or at releasing and twisting states after
more than 100 twisting cycles. The battery also works well when
the temperature decreased to —20 °C as shown in Figure S5b
(Supporting Information). Furthermore, the battery keeps its
stable performance even after 150 cycles (Figure S5c, Sup-
porting Information). The results correspond to the stable rate
performance as shown in Figure 3a and Movie S3 (Supporting
Information). The stable electrochemical performance of the
lithium-ion cable battery may be attributed to strong interfacial
bonding between active materials and CMF. The ultrahigh-tap
density LTO-CMF electrode provides a capacity similar to that
of ITO-Cu and exhibits the same electrochemical behavior.
This phenomenon implies that the resistance of the “interface”
between active materials and current collectors is also a critical
parameter that is attributed to the performance of the battery.
The internal resistance (IR) can be characterized by changes in
voltage (IR = IR; + IR,; Figure 3d) when charging (discharging)
is switched to discharging (charging).?”) As shown in Figure 3d,
at a rate of =2 C, LTO coated on CMF exhibited an IR change
of =0.31 V, which is much lower than the corresponding value
(0.76 V) for LTO coated on Cu foil. This result is also consistent
at C-rates of up to 0.2-2 C (Figure S5d and Table S1, Sup-
porting Information). In addition, the difference of IR changes
is significant with the increase in C-rates. This suggests that
despite the high electrical conductivity of Cu foil, CMF with
its low interfacial resistance may be a good candidate for
replacing metallic foils as current collectors in LIBs. Moreover,
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the flexibility of the batteries can be obtained. The insensi-
tivity of the cable toward bending is also displayed in Figure S6
(Supporting Information). The voltage of the cable battery is
very stable (maintained at 2.66 V all the time) even under harsh
deformation conditions.

In the conventional design of the cable battery, the positive
and negative tabs are arranged at each end of the cable to avoid
short circuit as illustrated in previous reports.'!34 In such
design, the two tabs of the battery cannot be connected with
electronics conventionally as the battery is woven or twisted
randomly. In the present lithium-ion cable battery reported
in this Communication, a flexible CMR was integrated in the
battery system. The battery can be woven or twisted randomly
and works well as both tabs of the battery could be integrated
at the same side due to the use of the electrical conductivity of
the CMR. The schematic diagram of the connection method is
shown in Figure 4a. In Figure 4b, the lithium-ion cable battery
can be twisted randomly. Furthermore, the luminescence of the
lamps powered by the battery that is twisted around the arm
showed no changes even after shaking for 30 min. The detailed
process of shaking can be clearly seen in Movie S4 (Supporting
Information). Moreover, the luminescence of the lamps did not
change under the battery deformation, as shown in Movie S5
(Supporting Information).

The excellent flexibility of the lithium-ion cable battery is
demonstrated in a linear guide system as shown in Figure 4c—j.
The cable battery has been deformed. Guided by metal slide,
the battery that fixes on the system could be deformed continu-
ously. No differences were observed in discharge voltage profiles
between deforming and no deforming conditions. It indicates
that the lithium-ion cable battery can be successfully operated
with an external strain. As shown in Figure 4c,d, the lumines-
cence of the lamps powered by the battery experienced bending
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Figure 4. The demonstration of the operation, flexibility, and wearability of the lithium-ion
cable battery. a) The schematic diagram and b) connection at the same side between battery;
c,d) the LIB deforms in a linear guide system; e) the bending radius of the LIB at working state
was measured; f) the battery at free state and g) twisted on a rod; and h—j) LED lights and the

wearable lithium-ion cable battery on the body during exercises.

and stretching at 30 min does not have any change. The details
of the deformation are shown in Movie S6 (Supporting Infor-
mation). The results demonstrated that the performance of the
flexible lithium-ion cable battery is unaffected by deformation.
The extent of the deformation is determined by the bending
radius of the cable battery. The bending radius of the battery at
working state is shown in Figure 4e. The voltage measured by
multimeter does not have any change after the battery was bent
down to 4 mm. In addition, the voltage remained unchanged
after cycling for 100 cycles. The bending radius could be
further decreased because it is currently limited by the pack-
aging material. The excellent electrochemical stability of the
battery is clearly displayed in Movie S7 (Supporting Infor-
mation). Conventional metal current collectors always show
high density and poor flexibility, and impractical for weaving.
All CNTs based on nonmetals used in the lithium-ion cable
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battery are more flexible and more appli-
cable in wearable electronics with improved
energy density. Under twisted deformations,
the lamps connected with positive and nega-
tive tabs can still be powered. Moreover, the
luminescence of the lamps does not have any
obvious change even after the battery was
subjected to four cycles of twisting and being
released as shown in Figure 4f,g. The detailed
process can be seen clearly in Movie S8
(Supporting Information).

The above results demonstrated that the
new design of cable battery structure and the
mechanical flexibility of the battery system
are viable to their practical application for
weaving. In addition, the performance of the
woven Dattery is stable even under motion,
as shown in Figure 4h,i and Movie S9 (Sup-
porting Information). Therefore, the lithium-ion
cable Dbattery could be easily woven into textiles
that allow breathing freely or can be integrated
into materials that can fit the curved shape of
the human bodies. High-specific capacity and
energy density of the LIBs make them the first
choice of energy storage for wearable electronics.
The ultrahigh-specific capacity and ultrahigh-
energy density should be obtained under ultra-
high-tap density of active materials on current
collectors, representing a leap forward in energy
storage capability of flexible energy storage
devices. Recent achievements have developed
specific capacity and energy density of the cable
battery."®34 However, the results have not con-
sidered the tap density of the active materials on
current collectors. In many cases, the tap den-
sity values were less than 2 mg cm2, which is
much lower than commercial tap density for
practical application.®” In our study, the lith-
ium-ion cable battery shows a volume specific
capacity (calculated based on the total volume of
the full battery) of 82.8 mAh cm™. This value is
considerably higher than most of the previously
reported cable-shaped Dbatteries as shown in
Table 1 and Figure S7 (Supporting Information). Considering the
open-circuit voltage and diameter of the cable, the volume energy
density (volume-specific capacity x open-circuit voltage) of the flex-
ible cable-shaped battery is =215 mWh cm™. The energy density
of the battery is approximately seven times higher than that of the
highest performance as previously reported, and this result is even
impressively higher than that of sodium ion, zinc air, and other bat-
teries with cable structures.34

Our findings demonstrated that lithium-ion cable battery
based on CNTs favors to solve the most critical problems for
flexible energy storage devices with strong mechanic flexibility,
ultrahigh-energy density, and convenience of incorporation into
the weaving process. The obtained battery displays excellent flex-
ibility and stable electrochemical performances because of the
use of flexible current collectors. In addition, the battery could
be randomly wrapped around the body and be conventionally
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Table 1. Comparison of the actual volume specific capacity, voltage, and actual volume energy density of the wearable lithium-ion cable battery based

on CMF with other previous cable batteries.

Battery type Voltage Specific capacity Active material mass loading Active material mass loading Battery diameter Actual volume energy density
W\ [mAh g7 [mgcm™ [mgcm™] [mm] [mWh cm™3]
Titania/LiMn,O, fiber 3.5 168 Not provided 0.12-0.19 1.5 4.0-6.3
battery'”]
LiMn,0,-CNT/ 25 138 0.01 0.02 1 0.89
LisTisO4,-CNTI20
LiMn,0O,4-CNTs/PI-CNTs[2'] 1.4 120 0.002 0.01 2 0.05
LiCoO,-Al/(Ni-Sn)-Cul'8] 1.7 1 mAh cm™ Not provided 1.3 2.5 20.4
Li-s(2el 2.1 600 0.05 0.2 1 32.1
Li-S@7 2.1 343 2 2 3 20.4
Li-S(28l 2.1 335 0.28 0.04 2 0.9
Zinc-airl®0 0.9 Not rovided 0.796 2.4 10 3.6
Zinc-airP! 1 12470 0.0014 n 0.05 3 5.7
Al-air* 1.65 935 0.07 0.01 3 0.22
Li/O,-Ag -CNTE3I 2.0 500 0.005 0.008 5 0.04
Li/O,-SP-carbon textiles-nickel 2.0 500 0.5 0.5 10 0.64
foam B4
This work 2.5-2.7 130 10 20 2 215

Note: Actual volume energy density = voltage X actual volume specific capacity.

connected to electronics after CMR was integrated due to the
fact that both tabs can be led to the same end of the cable.
Importantly, the active materials could be easily infiltrated into
the porous surface of the current collectors, mitigating the
delamination and increasing the tap density significantly up to
10 mg cm™2, which leads to extremely high-energy density of
215 mWh cm™3. The energy density of the cable battery is impres-
sively higher (approximately seven times) than that of the highest
performance as previously reported. This work provides a revo-
lutionary way to enhance the energy density of the cable battery
significantly. Such a CNT-based, novel-structured, and ultrahigh-
energy density lithium-ion cable battery would solve some of the
most critical problems for portable and flexible energy storage
devices, indicating broad applications in wearable electronics.

Experimental Section

Preparation of CMFs and CMRs: The free standing CMFs were
prepared through a methanol-mediated chemical vapor deposition at
=1150 °C. Details of the preparation procedures can be found in our
previous studies.*"*2l The CMR was prepared in the hot region of a
reaction chamber by chemical vapor deposition method.B>* When
CNTs were formed inside the chamber, CMR with a diameter of about
0.6 mm could be obtained by placing several strands of CNTs together
and twisting them automatically with a speed of 100 r min~' at both
ends. The homogenous CMR could be obtained after passing through
the drawing die (the size of the die hole is about 0.6 mm).

Coating Active Materials on CMFs: The electrodes were prepared using
a slurry-based technique.¥l Super P carbon (SPC) (Timcal, Switzerland)
was used as the conductive additive and polyvinylidene fluoride (PVDF,
Arkema, France) was used as a binder. LTO (LTO-2, BTR) and LCO
(Y)GSL-5#, Beijing Easpring) were used as anode and cathode active
materials, respectively. Anode slurry was prepared by LTO:SPC:PVDF
at a weight ratio of 80:10:10, and cathode slurry was prepared by
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LCO:SPC:PVDF at a weight ratio of 90:4:6. N-methyl-2-pyrrolidone
(Tianjin Damao) was used as the solvent for mixing. After that, the slurry
was stirred for 8 h and then coated on the current collector and dried at
120 °C for 30 min. The tap density of the anode slurry after being dried
on the CMF could be increased to a remarkably high mass loading of
10 mg cm2 (the thickness of anode on CMF is about 65 um after being
rolled). To keep the same capacity for anode and cathode, the tap density
of cathode slurry after being dried on the CMF should keep at 9.5 mg cm™;
the thickness of cathode on CMF is about 55 um after being rolled.

Assembling LIB-Integrated CMR: Polyethylene heat shrinkable tube was
coated on CMR as the inner insulating layer; the diameter of the layer is
about 1 mm after being shrunk. Then, the electrode of CMF-coated LCO
on outer surface was wrapped around the insulating layer. Subsequently,
the separator was wrapped around the cathode electrode. Then, anode
on CMF was wrapped on the separator. The lithium-ion cable battery
can be prepared after the polyethylene heat-shrinkable tube was sealed
before electrolyte was injected into the cable in a dehumidification room
at the moisture content of less than 5%; the diameter of the cable is
about 2 mm after outside tube being shrunk. Polyethylene (2400,
Celgard) film with thickness of about 12 um was used as the separator.
The solution of LiPFg (1 m) in diethyl carbonate and ethylene carbonate
mixed at a weight ratio of 1:1 was used as electrolyte.

The Characterization of Electrodes and Batteries: The interface adhesion
of LTO-CMF and LTO-Cu electrodes after being folded in half was
observed by optical microscopy (Olympus DX51 microscope) and field
emission SEM (FEI Sirion 200). The active materials were analyzed by
XRD (D8 Advance, Bruker) using Cu Ko radiation. EIS measurements
were performed on a CHI 760E electrochemical station. The performance
of the obtained batteries was then measured by using Neware battery
tester at room temperature. The galvanostatic charge/discharge was
carried out in a potential window of 1.5-2.8 V. We state that we have
obtained the informed signed consent from the volunteers in the work.
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